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[57} | ABSTRACT

The position of a vehicle is derived from vehicle speed
and heading. A two-axis electrically restrained gyro,
the spin axis of which is parallel to the vehicle vertical -
axis, serves at first to determine the north direction with
stationary vehicle. The attitude of the vehicle about the
longitudinal and transverse axes is measured by means
of a pair of vehicle-fixed accelerometers. True north
direction is derived from the signals of the accelerome-
ters and of the gyro. Subsequently the gyro is rotated
through 90° about one input axis and serves as heading-

‘attitude reference during the mission. The rotary speed

about a third axis perpendicular to the input axes of the
gyro is measured by means of a rotary acceleration
meter the output of which is applied to an integrator.
During the mission, the attitude parameters of the vehi-
cle are computed continuously from the initial attitude
parameters and the rotary speeds. An estimated value of
the gyro drift is obtained in a filter by comparison with
a magnetic heading and is taken into account. The speed
signal from a vehicle speed sensor and inertial speed
signals which are derived from the acceleration signals
are applied to a filter which provides an estimated value

~of the error of the speed signal. The speed signal is

corrected for this estimated value. The corrected speed
signal is resolved into components in accordance with
the attitude parameters. The position of the vehicle is
derived from these speed components by integration. -
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1

APPARATUS FOR THE AUTOMATIC
DETERMINATION OF A VEHICLE POSITION

RELATED APPLICATIONS

This application 1s a Continuation-in-Part of appli-
cant’s patent application 904,926, filed May 11, 1978 and
entitled “Instrument for the Automatic Determination
of the North Direction” and now abandoned. The dis-
closure of this application is mcorporated in the present
apphc:atlon by reference.

BACKGROUND AND SUMMARY OF THE
INVENTION

10

Meridian gyros are known, wherein the spin axis of !°

the gyro 1s kept horizontal, for example by suspending
the housing by means of a tape. A gyro directing torque
acts on the gyro and tends to align the gyro spin axis
with north direction. In order to avoid the loss of time
involved with the rotation of the gyro into the north
direction, it is known, with such a tape suspended me-
ridian gyro to sense the deflection of the gyro from a
zero position by means of a pick-off and to apply the
pick-off signal with approximately high gain to a
torquer, which exerts on the gyro a torque about the
vertical tape axis and counteracting ‘the gyro directing
torque. Thus the gyro is electrically restrained to the
zero position, and, practically, the gyro directing torque
is counteracted by a counter-torque. The amplified
pick-off signal, which is applied to the torquer, will then
be proportional to the gyro directing torque. The north
deviation, i.e. the deviation of the zero position of gyro
from the north direction, can be derived from this sig-
nal. As the gyro directing torque i1s proportional to the
cosine of geographic latitude, this latitude has to be

20
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35

taken into account when determmmg the north devia-

tion. Conventionally the gyro spin axis of this meridian
gyro 1s pre-aligned with north (U.S. Pat. No. 3,750,300
to Tumback and U.S. Pat. No. 3,758,952 to Fischel).

Furthermore an electrically restrained gyro with
horizontal spin axis is known with which the gyro di-
rectional torque is measured at two slightly different
azimuth angles of the spin axis. The values obtained
thereby are fed into an analog computer which is to
compute therefrom the north deviation independently
of geographic latitude.- With this prior art device, two
consecutive measurements with intermediate rotation
of the gyro in azimuth through a fixed angle are re-
quired. The signal representing north deviation is ob-
tained as a difference of two signals which are large as
compared thereto, whereby the accuracy of this mea-
surement 1s rather hmited (U.S. Pat No. 3,206,864 to
Sanchirico).

In another prior art gyro instrument (German Pat.
No. 1,281,155) the gyro consists of a rotating ball with
well-defined main axis of inertia. The ball is mounted
through an air bearing in a cup, which is driven about a
vertical axis by a motor. The gyro is driven by the air
friction occuring, when the cup is driven, and tends to
maintain its orientation in inertial space. However the
cup and thus the direction of the driving torque acting
on the gyro change their orientation relative to inertial
space in the course of the rotation of the earth. Thereby
the axis of rotation of the cup will not coincide with the
main axis of inertia of the gyro, even if these axes were
imitially aligned. This results in a precession torque as
component of the driving torque acting on the gyro,
whereby the main axis of inertia of the gyro is caused to
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| 2
follow the vertical axis of rotation of the cup. The fol-
low-up occurs, however, with a lag in east-west direc-
tion, which is observed by means of an Optlcal system.
This prior art arrangement is expensive and makes

use of effects, such as torque generation by air friction,

which are difficult to control. The position of the gyro
has to be detected contact-freely, for example by visual

“observation or by photoelectric pick-offs.

In another prior art device (German Offenlegungsé—
chrift No. 1,448,737), a spherical gyro is mounted for
universal rotation on a central support ball. A force,

‘which is exerted by a torquer, acts on the gyro axis at a

distance from the support ball. The torquer is laterally
spaced from the gyro and i1s located on an arm, which is

rotatable around the gyro about a vertical axis by means

of a servomotor. The position of the gyro axis is picked
off 1n two mutually perpendicular directions by means
of photoelectric position pick-offs. The servomotor and
the torquer are controlled by the position pick-offs such
that the gyro spin axis is kept vertical. The arm will then
align itself with north direction, while the erection
torque then acting in east-west direction prowdes a
measure of geographic latitude. .
Also this arrangement is rather expensive. It prowdes
north direction only after a run-in procedure.
~ U.S. Pat. No. 4,123,849 discloses a device for deter-
mining the north direction by using a two-axis. gyro
with vertical Spin axis. An angle pick-off and a torquer
are arranged on each of the two input axes. Each angle

'plck-off is connected crosswise to the torquer of the
- respective order mput axis through amplifier means,
whereby the gyro is electrically restrained to its posi-
_tlon of rest. The ratio of the restraining torques is the

inverse tangent of the north deviation angle. The gyro
is supported on a float assembly which floats on a liquid,
whereby the spin axis remains always vertically aligned.

This device requires expensive means for keeplng the
gyro spin axis vertical.

German Offenlegungsschrift No. 235 45 025 dlscloses
a -navigational instrument for the navigation of land
vehicles, wherein a north-seeking meridian gyro, for
example of the type disclosed in U.S. Pat. No. 3,758,952
or German Offenlegungsschrift No. 1 941 808 is pro-
vided for the determination of the north direction with
stationary vehicle. A free gyro as heading reference unit
1s arranged to be aligned in accordance with the merid-
ian gyro. A speed sensor prowdes a signal proportional
to vehicle speed. A computer is connected to the head-
ing reference unit and to the speed sensor and provides
output signals representing the vehicle position in a grid
coordinate system, from the grid heading angle and
speed 51gnals supplied by the heading reference unit and
the speed sensor. The drift of the free gyro relative to
the grid coordinate system due to the rotation of the
earth is compensated for or is taken into account in the
computer.
It is an object of the invention to provide a naviga-
tional instrument for vehicles, wherein a single gyro can
be used both for the “northing” with statlonary vehlcle
and as heading reference unit during the mission.

It is another object of the invention to provide a
navigational instrument with a gyro for northing,
wherein no exact alignment of the gyro spin axis is

reqmred

It1s another object of the invention to ehmmate cer-
tain errors occurring with the “northing”.
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It is a still further object of the invention to provide a
heading-attitude reference unit for a navigational instru-
ment, which unit provides the heading and the transfor-
mation parameters for a transformation from a vehicle-
fixed coordinate system into an earth-fixed coordinate
sysfem.

A more specific object of the invention is to obtain

heading and transformation parameters unatfected by

Newton’s accelerations of the vehicle relative to
ground.
Eventually it is an object of the invention to provide

estimated values of the errors of some measured quanti-
ties used, and to correct the measured quantities corre-
spondingly.

According to one aspect the invention relates to a
navigational instrument for a vehicle, wherein the north
direction is determined by means of a gyro, comprising:
a two-axis gyro having a spin axis, a first and a second
input axis, a first angle pick-off and a first torquer on the
first input axis, a second angle pick-off and a second
torquer on the second input axis, first amplifier means
for applying the amplified angle signal from the first
angle pick-off to the second torquer, second amplifier
means for applying the amplified angle signal from the
second angle pick-off to the first torquer, and signal
processing means, to which the amplified angle signals
are applied. This navigational instrument 1s character-
ized by the following features:

The gyro with the angle pick-offs and the torquers is
arranged in an intermediate housing. The intermediate
housing is mounted for rotation about an axis of rotation
parallel to one input axis through 90° from a first posi-
tion with substantially vertical spin axis into a second
position. A pair of vehicle-fixed accelerometers is ar-
ranged with its input axes parallel to the transverse and
longitudinal axes, respectively, of the vehicle. The sig-
nal processing means comprise first computer means for
providing initial vehicle attitude signals from the ampli-
fied angle signals with stationary vehicle and said first
position of the intermediate housing, and second com-
puter means for continuously providing vehicle attitude
signals representing the attitude of the moving vehicle
in an earth-fixed coordinate system from said initial
vehicle attitude signals and said accelerometer signals
with the second position of the intermediate housing.

Said first computer means may comprise means for
forming from the acceleration signals Axf, A, of the
accelerometers estimated values of the elements C31 and
Cs; of the directional cosine matrix for the transforma-
tion from a vehicle-fixed coordinate System (xf,yf,zf)
into an earth-fixed coordinate system (x&,yR,z®) in ac-
cordance with the relation

Ca1(0) A
31 T - 2

. AF

Ci0) = — —2m
32(0) p

means for forming, from the estimated values thus ob-
tained, an estimated value of the third element C330of the
last line of the directional cosine matrix CgR in accor-
dance with the relation.

E330) = + V1 — &4, — €3, , and

means for providing, from the signals C31,C3zand C33as
well as from signals representing the rotary speeds W,/
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4

and W&, which are derived from the signals applied to
the torquers, a signal representing the initial heading
angle ys(O) of the vehicle in an earth-fixed coordinate
system in accordance with the relation

. A F

] A Wy

cos Y (0) = To==———=1] (315N P A gy~
\I | — C%l [ lpcos P

_ 1 | 73 B Wyt
51111,&(0):———-———-—-—---—-—-—-—-\!—“2_Az_ ‘ll— 31 | Tz cos @

b — €5 — (3 i

C3yy tan ¢ + 531 6’32 cos W (O) J

wherein @ is geographic latitude and wg i1s the rotary
speed of the earth. |
Certain systematic errors may be eliminated by mea-

suring at two positions of the gyro unit angularly offset

by 180° about a horizontal input axis and/or about the
vertical spin axis. |

The attitude parameter and the heading angle during
the mission can be obtained in that the signal processing
or computer means comprises means for providing sig-
nals

Cy1=Ciw — Ci30)f

(.:.'32=C33me— C31w,f wherein

C31,C32,C33 are the elements of the last line of the
' directional cosine matrix,
(C11,C3o are the associated time derivatives,
wxF is the rotary speed about an input axis xf in the
vehicle-fixed coordinate system,
w,F is the rotary speed about the second input axis y*
in the vehicle-fixed coordinate system, and
w/L is the rotary speed about the third input axis z£'in
the vehicle-fixed coordinate system,
means for integrating the signals C3; and Cj32 with re-
spect to time to provide signals Cj3; and C33, respec-
tively, means for providing a signal

Ciz = ‘II—C%l“ %

from the signals C3; and Cj3; thus obtained, means for
feeding the signals C31,C32 and C33 back to the com-
puter for providing C3; and Cs; from the rotary speed
signals, means for providing a signal from the signals
C31,C37,C33 thus obtained and from the rotary speed
signals W and W,f, and means for integrating this
signal with respect to time to provide a signal represent-

‘ing the heading angle ¥ in the earth -fixed coordinate

system.
According to another aspect, the invention relates to

a navigational instrument for land vehicles. The naviga-
tional instrument includes an inertial measuring unit
having rotation-responsive inertial sensors, which re-
spond to rotary movements about vehicle-fixed axes,
and accelerometers, which respond to linear accelera-
tions along vehicle-fixed axes. A speed sensor responds
to the speed of the vehicle with respect to ground in the
direction of the longitudinal axis of the vehicle. A trans-
formation parameter computer to which the signals
from the inertial measuring unit are applied comprises
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means for computing transformation parameters for the
transformation of vector components from a vehicle-
fixed coordinate system into an earth-fixed coordinate
system. Corrective signal generators, to which transfor-
mation parameters from the transformation parameter
computer are applied, provide output signals represent-
ing the components due to gravity of the accelerations
detected by the accelerometers. The output signals are
superposed to the signals from the accelerometers to
provide translation acceleration signals. Integrators, to
which the translation acceleration signals are applied,
provide inertial speed signals. An optimal filter, to
which the inertial speed signals and the signal from the
speed sensor are applied provides optimized speed sig-
nals referenced to vehicle-fixed coordinates on the basis
of these signals. A coordinate transformation computer
to which the optimized speed signals and the transfor-
mation parameters from the transformation parameter
computer are supplied comprises means for transform-
ing these speed signals into transformed speed signals,
which are referenced to an earth-fixed coordinate sys-
tem. A position computer to which the transformed
speed signals are supplied comprises means for provid-
ing position signals representing the position of the
vehicle.

Therein the optimal filter has the following structure:
The difference (Vxf—v.F) of the component v, F fall-
ing into the direction of the vehicle longitudinal axis of
the inertial speed signal and of the speed signal from the
speed sensor 1s opposed, at a first summing point, to the
difference of a first signal and a second signal to provide
a first difference signal (zy), said signal representing an
estimated value (AVY) of the error of the longitudinal
component signal (vy) of the inertial speed, and said
second signal representing an estimated value (Av,f) of
the error of the speed signal (vxf). The component
(v/) falling into the direction of the vehicle transverse
axis of the inertial speed signal 1s opposed, at a second
summing point, to a further signal 40 provide a second
difference signal (zj), this further signal representing an
estimated value (AvyF) of the error of the transverse
component signal (vpF) of the inertial speed. The first
difference signal (z;) multiplied by a factor (K1;) and a
signal

C3d,— Cy3dy

are added at a third summing point, the sum being inte-
grated by means of an integrator to provide a signal
AC3i, wherein
C32,C33 are elements, provided by the transformation
parameter computer, from the last line of the direc-
tional cosine matrix for the transformation from a
vehicle-fixed coordinate system into an earth-fixed
coordinate system,
dzdy are the known drifts of the rotary speed sensors
sensitive about the vertical and transverse axes,
respectively, and
ACa31 1s an estimated value of the error of the element
C3j of the directional cosine matrix.
The signal C3; multiplied by the acceleration g due to
gravity, the first difference signal zi; multiplied by a
factor K31, as well as the known zero deviation b, of the

4,321,678
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longitudinal direction of the vehicle, and the element
Cj31 of the first column and third line of the directional
cosine matrix provided by the transformation parameter
computer and multiplied by the acceleration g due to
gravity are added at a sixth summing point to provide a
signal v,! representing the translatory acceleration in
the longitudinal axis of the vehicle. The first difference
signal z) multiplied by a factor Kg; is integrated by an
integrator to provide an estimated value of the error
Akx of the scale factor of the speed sensor. The first
difference signal z; multiplied by a factor Ksi, and the
product of the signal representing the translatory accel-
eration v,/ and of the output signal from the last-men-
tioned integrator are added at a seventh summing point,
the sum being integrated by means of a further integra-
tor to provide the signal which represents the estimated
value AVif of the error of the speed signal from the
speed sensor. The signal C3; multiplied by the accelera-
tion g due to gravity, and the second difference signal
77 multiplied by a factor K43, as well as the known zero
deviation of the accelerometer sensitive in longitudinal
direction of the vehicle are added in an eighth summing
point and are integrated by means of an integrator to

5 provide a signal which represents the estimated value

30
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accelerometer sensitive in longitudinal direction of the

vehicle are added at a fifth summing point and are inte-
grated by means of an integrator to provide a signal
which represents the estimated value AV, £ of the error
of the longitudinal component signal v of the inertial
speed. The signal A, of the accelerometer sensitive in

65

(Avpf) of the error of the transverse component signal
vyy* of the inertial speed. The signal representing the
estimated value Av, of the error of the speed signal is

substracted from the speed signal.
An embodiment of the invention will now be de-

scribed in greater detail with reference to the accompa-
nying drawings:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram and illustrates the overall
system of a navigational instrument according to the
1nvent10n

' 'vehlcle and 1llustrates the constructlon and arrangement

of the various sensors.

FIG. 3 illustrates the relative positions of the vehicle-
fixed and earth-fixed coordinate systems.

FIG. 4 is a schematic-perspective illustration of the
gyro unit in its position for determining north direction.
FIG. 5 is a schematic-perspective illustration of the
tiltable and rotatable mounting of the gyro unit and of
the control and signal processing. |

FIG. 6 is a schemetic-pempective illustration of the
inertial measuring unit used with the navigational in-

-strument, when the gyro unit is in its position heading-

attitude reference.

FIG. 7 is a block diagram of the signal processing
during the finding of the north direction, when the gyro
unit is 1n the position illustrated in FIG. 3.

FIG. 8 illustrates the signal model, on which the
filters for the sensor signals are based.

FIG. 9 1llustrates the filter structure.

FIG..10 is a block diagram of a partlcularly advanta-
geous realization of the filter.

FIG. 11 illustrates the orientation of the gyro unit and

of the associated gyro umt-fixed coordinates in a first

position for the determination of the north direction.

FIG. 12 illustrates the gyro housing in a second posi-
tion angularly offset relative to the orientation of FIG.
11 by 180° about a substantially horizontal axis for the
determination of the north direction with compensation
of certain systematic measuring errors.
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FIG. 13 illustrates the orientation of the gyro unit and
of the associated gyro unit-fixed coordinates prior to its
rotation about a substantially vertical axis.

FIG. 14 illustrates the gyro unit after its rotation
through 180° about the substantially vertical axis, also
for the purpose of compensating systematical errors.

FIG. 15 illustrates the signal processing means for the
arrangement of FIG. 3.

FI1G. 16 1illustrates the set-up of the computer for the
continuous computation of the transformation parame-
ters during the mode of operation “heading-attitude
reference” of the gyro unit of FIG. 6.

FIG. 17 illustrates the set-up of the computer for
generating the heading angle signal.

FIG. 18 illustrates the set-up of a computer for esti-
mating the heading drift.

FIG. 19 illustrates the set-up of a filter for deriving a
directional cosine from the accelerometer signal and the
speed signal for use in the arrangement of FIG. 16.

FIG. 20 illustrates a simplified version of the com-
puter of FIG. 17.

FIG. 21 illustrates an optimal filter for providing an
estimated value of the speed signal.

FIG. 22 illustrates the coordinate transformation
computer for transforming the speed signal.

FIG. 23 illustrates the geometric relations for deriv-
ing the vehicle position from the speed components by
means of the position computer.

FI1G. 24 illustrates, how the altitude signal is ob-
tained.

FIG. 25 illustrates a modification of the filter arrange-
ment of FIG. 7.

F1G. 26 illustrates the coordinate systems and error
angles processed by the filter arrangement of FIG. 25.

The navigation system comprises magnetic field sen-
sors 10,12,14 for the components Gxf, G,f, G/ of the
magnetic field of the earth. The magnetic field sensors
are so-called “fluxgates”. These magnetic field sensors
10,12 and 14 are mounted on the vehicle 16 (FIG. 2)
such that they respond to the components of the mag-
netic field of the earth along the longitudinal axis xf, the
transverse axis y# and the vertical axis zF of the vehicle,
respectively. Thus they provide the components of the
magnetic field of the earth in a vehicle-fixed coordinate
system. In FIG. 1, the magnetic field sensors 10,12,14
are represented by the block 18.

Furthermore sensors for the rotary speeds w,f, w,f,
w" about the vehicle fixed coordinate axes xF, yF, zF
are provided. These are illustrated in the block diagram
of FIG. 1 as sensors 20,22 and 24. In practice the sensors
22 and 24 are a two-axis rate gyro 26 (FIG. 2). This rate
gyro 26 1s of the type illustrated in FIG. 4 or 5. In the
posttion illustrated of the rate gyro 26, the spin axis H is
parallel to the longitudinal axis xf of the vehicle. Its two
input axes 28 and 30 are parallel to the transverse axis
y# and the vertical axis z¥ of the vehicle, respectively.
‘The third sensor 20 comprises a rotary acceleration
meter 32 the output signal of which is applied to an
integrator 34 (FIG. 6). The rate gyro 26 is mounted for
rotation about its input axis 28 parallel to the transverse
axis of the vehicle in a vehicle-fixed frame or intermedi-
ate housing 36. It may be rotated by a servomotor 38
from an operational position *“northing”, with which
the spin axis H is vertical, through 90° into the opera-
tional position “heading-attitude reference unit”. The
movement of the servomotor is monitored by an angle
sensor 44).
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Furthermore two vehicle fixed accelerometers 42 and
44 are provided. The input axis 46 of the accelerometer
42 is parallel to the longitudinal axis x¥ of the vehicle.
The input axis 48 of the accelerometer 44 is parallel to
the transverse axis y* of the vehicle.

The sensors 20,22,24 and 42,44 together define the
“inertial measuring unit’ 50.

A speed sensor 52 is provided as additional sensor and
measures, as indicated in FIG. 2, the speed of the vehi-
cle 16 in the direction of the longitudinal axis of the
vehicle.

The measurements are made in a vehicle-fixed coor-
dinate system with the coordinate axes x¥, y¥, and zF.
For navigation, however, the heading angle and the
vehicle speed are required in an earth-fixed coordinate
system with the coordinates x® (north), yR (east) and zR
(vertical). The relation between the two coordinate
systems can be seen from FIG. 3. The vertical plane 54
of the longitudinal axis xf of the vehicle forms the the
true heading angle ¢ with the xRzR-plane. The longitu-
dinal axis x of the vehicle is inclined by the pitch angle
@ with respect to the intersection 56 of the plane 54 and
the horizontal xRy&-plane. The coordinate axes y¥ and
z# are rotated through the roll angle ¢ about the vehicle
longitudinal axis thus located.

A vector measured in the vehicle-fixed coordinate
system is transformed into the earth-fixed coordinate
system by means of a “directional cosine matrix”’

ey —shep + ; s + (1)

+35psvcy ;. +epsdaj
cOsyY; cpcd + —seoy +
| +SESUSY ;4 cpsT s
spcd cpcy

CFRszﬂ

— 51

In order to save space, ‘“sin’ has been abbreviated as
“s”’, and ““cos’ has been abbreviated as “‘c’’. The attitude
angles U, and ¢ are related to the elements of the direc-
tional cosine matrix by the following relations:

v = —arc sin C31 (2)
Y=arc tan C31/C11 (3)

¢=arc tan C33/C33. (4)

The acceleration due to gravity is represented in the
earth-fixed coordinate system by a vector

f

while the rotation of the earth is represented by a vector

0, )
O

(7)

(3)

wherein
(;=QF sin ¢ and

$2.=0prcos ¢ (8)
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if Qz 1s the rotary speed of the earth, and ® is geo-

graphic latitude. |
The signals G,F, G, and GZF frem the magnetlc ﬁeld

sensors 10,12,14 (block 18) are applied to a computer
untt 58, to which also the elements C31,C33,C33 are ap-
plied, which are obtained in a manner still to be de-
scribed. In addition the computer unit 58 receives a
signal DEV, which represents the distortion of the
magnetic field lines (deviation) caused by the vehicle.

The computer unit 58 provides a signal which repre-.

sents the magnetic heading angle yias between the inter-
section 56 in FIG. 3 and the north direction as defined
by the direction of the magnetle lines of force (magnetle
north). | |
The SIgnals wxl, WyF wZA from the sensors 20 22,24,
which represent the rotary speeds relative ‘to inertial
space 1n a vehicle-fixed coordinate system, are compen-
sated at summing points 60,62,64 for the components of
the rotation of the earth and for the transport rate, i.e.
the rotary speed due to the movement of the vehicle on
the surface of the earth, by sig‘nals Tx, Ty, Tz which
yields the rotary- speeds wxl, @), sz of -the vehlcle
relative to earth.. |

These signals wx’, w,f, w/ together with the acceler-
ation signals A", A,f from the accelerometers 42 and
44, respectively, and the speed signal v, from the speed
sensor 82 are supplied to a computer unit 68. This com-

puter unit 68 provides the elements C31,C32,C33 of the

directional cosine matrix Cr® as well as inertial speed
signals vy and vpf. -

" The computer unit 66 receives the elements
C31,C32,C33 of the directional cosine matrix C/R from
the computer unit 68, the trigonometric functions sin Vs
and cos  of the true heading angle and, for taking the
transport rate into account, the components v,R and
vyt of the vehicle speed in the earth-fixed coordinate
system.

A computer unit 70 receives _th_e' elements
C31,C32,C33 from the computer unit 68, and the compen-
sated rotary speeds wx, oy, o/, and the magnetic
heading angle yras from the computer unit 58. It pro-
vides therefrom the trigonometric functions sin ¥ and
cos i of the true heading angle . These functions are
applied to the computer unit 66 and to a computer unit
72.

The computer unit 72 receives, as mentioned above,
the trigonometric functions sin ¥ and cos ¥ from the
computer unit 70, furthermore the element C3y=sin 8
of the directional cosine matrix C/® from the computer
unit 68, and a corrected speed signal. It provides there-
from the components vxR, v, &, v,R of the vehicle speed
m the earth-fixed coordinate system. The horizontal
speed components vy&, vyR are supplied, as mentioned
before, to the computer unit 66. In addition, the compo-

nents vR, v,& and v R are supplied to a position com-

puter 74, to which also a reference altitude h, is applied.
The position computer 74 provides the position of the
vehicle in terms of geographic longitude and latitude
and of the altitude h. |

The speed signal v, from the speed sensor 52 is ap-
phied to a computer unit 76, to which also the inertial

speed signals v/ and vi!" are applied. The computer
unit 76 provides an estimated value Av,¥ of the error of
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Referring to FIG. 4, numeral 220 designates the hous-
ing of a gyro the spin axis z of which is vertical. The
gyro spin is' designated “H”. The housing 220 is
mounted in an inner gimbal 222 about an input axis v,
which 1s perpendicular to the spin axis. A pick-off 224 is
attached to the gimbal 222 and responds to a deflection
of the housing 220 about the input axis y. A torquer 226
is attached to the gimbal 222 on the opposite side and is
adapted to exert a torque about the input axis y on the
housing 220. The inner gimbal 222 is mounted in an
outer gimbal 228 about an axis which is perpendicular to
the input axis y and, in the position of rest, is aligned
with the input axis x. A pick-off 230 is attached to the
outer gimbal 228 and responds to the deflection of the
inner gimbal 222 relative to the outer gimbal 228 about
said axis. A torquer 232 is attached to the outer gimbal
228 on the opposite side and is adapted to exert a torque
on the inner gimbal 222 about said axis. The pick-offs
224 and 230 and the torquers 226 and 232 are connected

20 crosswise, i.e. the pick-off on the input axis y is con-

23

30

35

=40

45

50

35

60

the speed signal v,f. The speed signal v,f is corrected 65 -

for this estimated error Av,F at a summing point 78. The
speed signal thus corrected is supplied to the computer
unit 72, as mentioned hereinbefore. |

nected through a frequency-dependent amplifier 234 to
the torquer 232 on the input axis x, and the pick-off 230 -
on the input axis x 1§ connected through a frequency-
dependent amphﬁer 236 to the torquer 226 on the input
axis y. The gains of the amplifiers 234 and 236 are so
high, that practically the housing 220 of the gyro and
the gimbals 222 and 228 are electrically restrained to the
relative positions shown in FIG. 1. -

It has been assumed in FIG. 4 that the spin axis H of
the gyro is exactly vertical. The input axis x of the gyro,
which serves as reference direction, forms an angle s
with the geographic north direction, said angle being
designated *“north deviation”. This angle is to be mea-
sured. A component wg cos ® of the rotation of the
earth falls into the geographic north direction, wherein
wgis the rotary speed of the rotation of the earth and &
is geographle latitude. Of this component, in turn, a
component |

_ﬂx_-_m E‘.ms_'ﬁ“_' COS - 9)

will act on the;_'input axis x, and a component

Q= —wpcos O sin Y (10)
will act on the input axis y. The pick-off signals from the
pick-offs 224 and 230 amplified by the amplifiers 234
and 236, respectively, generate such input signals U,
and Uy, respectively, for the torquers 226 and 232, re-

spectively, that the precessmn torques caused by the
angular speed components () and (},, respectively, are
just balanced. Therefore, with disturbances neglected
the follewmg relatlons are valid

(11)
(12)

wherem | | |
Uy [volts] is the veltage applied to the torquer 226,
- Uy [volts] is the voltage applied to the torquer 232,
KTy [p cm volt—1] is the censtant of the torquer 226
and |
K7y [p cm volt—1] is the constant of the torquer 232.-

From these two voltages Uy and U, with known con-
stants of the torquers the north deviation may be de-
rived as follows -
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Uy K1y wpcos & sin g Kr (13)
Uy  Krix-wgcos®cosy — Ky tan 3,

The angle s is, as can be seen from FIG. 4, the angle
between the instrument-fixed axis x and the north direc-
tion 238.

Referring to FIG. §, numeral 420 designates a gyro
unit which is of the type shown in FIG. 4. The gyro unit
comprises a two axis gyro the spin-axis of which is
parallel to the vehicle vertical axis z£, and the two input
axes of which are parallel to the longitudinal axis x and
the transverse axis y¥ of the vehicle, respectively. An
angle pick-off and a torquer is provided on each of the
two mutually perpendicular input axes of the gyro. The
signal of each angle pick-off associated with one input
axis 1s connected crosswise, through an amplifier each,
to the torquer on the respective other input axis.
Thereby the gyro is restrained electrically to the verti-
cal axis of the vehicle.

The signals supplied to the torquers are, at the same
time, applied to a signal processing unit 426. The gyro
unit 420 1s mounted in an intermediate housing 428 for
rotation about the input axis y£ parallel to the transverse
axis of the vehicle. Accelerometers 42 and 44 are affixed
to the vehicle, the input axis of the accelerometer 42
being parallel to the longitudinal axis x£ of the vehicle,
and the input axis of the accelerometer 44 being parallel
to the transverse axis y# of the vehicle. The gyro unit is
arranged to be rotated by a servomotor 434. The servo-
motor 434 is controlled by servo-electronics 436. The
movement of the servomotor 434 is monitored by an
angle sensor 438. The servo-electronics 436 control the
servomotor, depending on the position of a switch 440
such that it 1s moved into 0°-, 90°- or 180°-positions. The
0°-position is illustrated in FIGS. 5 and 11. The 180°-
position 1s shown in FIG. 12. In its 90°-position illus-
trated in FIG. 6, the instrument will operate as heading-
attitude reference unit.

The intermediate housing, in turn, is mounted by
means of a shaft 442 for rotation about a vertical axis
relative to a vehicle-fixed instrument housing 444, said
axis coinciding with the gyro spin axis in the initial
posttion illustrated in FIG. 5. An angle pick-off 446 and
a servomotor 448 are located on the shaft 442. The
angle pick-off 446 provides a signal depending on the
angular position of the intermediate housing 428 rela-
tive to the vehicle-fixed instrument housing 444. This
signal 1s connected to a follew-up control system 452
through a change-over switch 450. The servomotor 448
is controlled by the follow-up control system 452 such
that 1t rotates the intermediate housing either into the
initial position illustrated or into a position angularly
offset with respect thereto by 180° about the vertical
axis, depending on the position of the change-over
switch 450. In this latter position, the orientation of the
gyro unit 1s 1dentical to that shown in FIG. 14.

‘The signal processing 1s illustrated as block diagram
in FIG. 7.

The gyro is represented by two sensors 20,22 for the
rotary speeds wy and w,, respectively, about the two
input axes. Furthermore the two accelerometers 42 and
44 are illustrated. The signals from the sensors 20,22 and
accelerometers 42,44 are smoothed by one low-pass
filter each 242,244,246 and 248, respectively. The sig-
nals thus smoothed are applied to one filter each
250,252,254 and 256, respectively. The filters serve to
suppress noise and interfering signals and, at the same
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time, are used for the analog-to-digital conversion. The
filters have identical structures and will be described in
greater detail hereinbelow with reference to FIGS. 8 io
10.

The measurement with the gyro unit 220 is made
once in the 0°-position illustrated in FIGS. 5 and 11, and
once I the 180°-position indicated in FIG. 12. The
signals obtained in the 0°-position are stored in memo-
ries 258,260. After the gyro unit 220 has been rotated
mmto the 180°-position, the stored signals are combined
with the signals then obtained. The difference AT, of
the signal stored in memory 258 and of the signal ob-
tained from sensor 20 in the 180°-position is formed at a
summing point 262. The sum 2T of the signal stored in
memory 260 and of the signal obtained from sensor 22 in
the 180°-position is formed at a summing point 264.

An azimuth or heading angle computer 282 receives
the output signals wx’ and wf of the error compensa-
tion circuits 266 and 268, as well as the signals C31(0),
C32(0) and C33(0) and provides therefrem a signal
@(0), which represents an estimated value of the true
heading angle or the north deviation.

Furthermore the ratio '

C32(0)
C33(0)

18 formed, as illustrated by block 284, to provide there-
from the roll angle ¢(O) at an output 288 by means of an
Inverse tangent function generator 289,

Eventually the signal C31(0O) is applred to an inverse
sine function generator 290 which provides an esti-
mated value J(O) of the pitch angle at its output 292.

- The signal processing unit described operates as fol-
lows:

The following relations are true for the x-and y-com-
ponents of the accelerations in a vehicle-fixed coordi-
nate system:

Arf=g1 g4 vet'+ Wr (14)

A '=Ca g+ Vv, I+ W, (15)
1.e. the accelerations are composed of the component
resulting from the acceleration due to gravity, of vibra-
tions v, v,/ of the vehicle and of white noise W, W,.
With stationary vehicle the anticipation values of Cj;
and C3; can be assumed to be constant and the anticipa-
tion values of Vi and v,/ can be assumed to be zero.

- The output signals of non-ideal accelerometers are

U (16)

SFy
U}F
SFy

= (1 + DKy) A" + €xpdyt — expd 5+ be + KQeAL?

(17
= (1 + DK) AF + e — €A, + by + KQua]?

wherein
SFy, Sk, are the scale factors,
DK, DK, are the relative scale factors,
bx,by are the zero deviations of the accelerometers,
KQy,KQy are the square error components,
¢;i1s the misalignment of the axes defined as rotation
of the 1-input axis of the accelerometer about the
J-axis.
The output signals of the accelercmeters 42,44 are
filtered by the low-pass filters 246,248, in order to elimi-
nate the vibration and noise components. Subsequently
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the errors are compensated by filters 254,256 in accor-
dance with the error model given in equations (16) and
(17), as will be described hereinbelow. When the mis-

alignment angleseij cannot be made small enough, A;is

required for the compensation. The time average with 3
stationary vehicle is
| ' (18)
A32=+\Igz_Af2_A§2_ 10
After the filtering and the error compensation the fol-
lowing quantities are known:.
.. AF (19)
C31(0) = — rE | | o
i AyF - (20)
(32(0) = — —2— S
. — 21) 20
G0y =N1- ¢ - &, . '
This provides the attitude angles
& (O) = — arc sin CE,](O) "'(22) 25
? (0) = — arctan £310) @)
P = 33(0)
With stationary vehicle, the rotary speed measured in
a vehicle-fixed coordinate system has, in addition to the 3©
component resultmg from the mtatlon of the earth also
vibration and noise components: o
Q . (24) 35
wl' = Crf 4, + Wy + W,
—Q |
wherein
40
QC=QE cos P
(.,=F sin ¢ and
¢ =15 geographic latitude. 45
The time average of the two disturbing components 1s
zero. It 1s
ey SO
0 Ci190 — C310ls (23) =
CRF| 0 | =] Cia0c—Ci20s | |
— {1 C13Qe — C338ds | © .
The following error model may be latd dov{rn:, fb_r-the 55
gyro, i.e. the sensors 20 and 22. |
Iy (26)
— Hy = (1 + DSFy) - [WxF + 'ﬂszyF - ai}’wiF "f‘mAxF - 60
. quF_l_ HA};FA__};F“ C_EL.#’ZFWJ?F"{' dy:l .
Q27 635

M ' o
+ "I?L = (1 + DSF)) ‘["’PF + ayawr — ayawed —mdyt
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.14
“scontinued
o C - A

wherein
a1] 1s the misalignment of the input axes represented by

a rotation of the i-axis about the j-axis.

m is the mass unbalance of the gyro,

q 1S a square term

n is the anisoelasticity,

Xy are zero deviations -

DSF is the relative scale factor error,

H is the gyro spin - -- |

C—A/H is the mass amsotmpy and - |

M; are the torques to be exerted by the torquers

Measurements with the gyro are made in two posi-
tions. Due to the different orientations of the gyro axes,
some of the error terms will appear with opposite signs.

~ In the normal position of FIGS. § and 11, the gyro

axes are parallel to the vehicle axes xF,y¥,zf. The gyro
signals, i.e. the output signals at the torquers

M (28)

— Ty(l) —

M D (29)

will then result from -equations (26) and (27):

In the 180°-position of the gyro unit 220 the y-input
axis of the gyro remains parallel to the yf-axis, but the
spin axis z of the gyro and the x-input axis become
anti-parallel to the axes xf and zf, respectively. This
results in the following output signals at the torquers

(30)

M2
J
__Ty(E) =-——F =

(1 + DSFy) I:"‘ WxF + a._xzwyF ﬂxszF __

mA - qA . HAxF zF “% WZFWxF'+- dx:l
(2) (31)

oo 2 _
| H

mAyF — g5 — nAfAE

The difference becomes:
AT, = T,() - T, = (32)
(1 — DSFy) [— 2, + 2aywf + 2mAF),
The sum is . I
3T, = T, 4 7.02) = (33)

(1 + DSFy) 2wyf — 2mda,f + 2d)).
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With the signal processing described, the sum and the
difference are formed at the summing points 262,264
after the filtering of the gyro output signals by the filters

250,252,

Thus the following is valid:
AT, = (1 — DSFy) [— 2wxF + 2a.wif + 2mALF) (34)
and
STx = (1 + DSF) [Dwf — 2mdyF + 2d),  (39)

wherein the symbol “A” always symbolizes an EStl-

mated value.
WA can be computed from the uncompensated ex-

pressions €IT'x and ATy
(36)
= ‘]ngl — Wiy
and, in accordance with equations (34) and (35):
(37)
37 Y A Y
wiet =~ \[Q _( 5 )_( 2}’).
This yields
. —AT 38
Wil = m — iyl — mAx" .
ST, 39

20 + D5G))

wherein Axfand A,F are known. At the same time the
following is valid:

wxl'=C110:~C310; (40)

WyFméuﬂc“éﬂﬂs (41)
Therein C3; and C3; ate known from the acceleration
measurement in accordance with equations (19) and
(20). _

The directional cosine matrix yields:

Ci1=cos 3 cos Y (42)

Cla=sin ¢ sin V¥ cos Y—sin Y cos ¢ (43)

After some transformations follows from equations (38)
and (39) for the north deviation angle

| e (44)
GOSlII(O):I\l——j——&T[CMSIHq) +W]
(45)
sinw(0)=—-\l__l—m \ll--.(j‘%‘1
1 - Cj) - ¢

W‘F
% C
Qrcos ® T “R2

[ tan ¢ ] 4 C31C32 casdl] .

The north deviation angleyi(O) can be derived from
equations (44) and (45) through the respective inverse
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functions. The quadrants are ﬁxed 111 accordance w:th
the followmg criteria:

sin Y = 5\«[2— ———3) = arc cos Xe. |
| (47)
sin Y = —~ ﬁﬁ———-—>1p = 27:' — arc cos X
- - (48)
cos ¥y > + g\l? P fy = arcsin Xg
' )

cos Y < — 3 \Tz_ ——> s = 7 ~ arcsin x

wherein x.1s the expression on the right side of equation
(44) and c;1s the expression on the right side of equation
(45).

In the circuit of FIG. 7 the error compensation cir-

| 20 cuits 266 and 268 cause error compensation of the sig-

nals A Tyand 2T in accordance with equations (40) and
(41). The signals wyf and w,f thus obtained are applied
to the heading angle computer 282. The error compen-
sation circuits 270,272 cause error compensation of the
signals from filters 254,256 in accordance with equation
(16) and (17). The heading angle computer 282 com-
putes s in accordance with equations (33) and (34).

The filters 250 and 256 have identical structures.
They serve, at the same time, the purpose of analog-to-
digital conversion. A conventional analog-to-digital
converter comprises. a reset integrator. The. analog
input signal 1s integrated with respect to time, until the
integral has reached a predetermined value. Then an
output pulse i1s generated and the integrator is reset to
zero. The pulses thus obtained are counted by a counter
during a predetermined time. The counter then contains
a digital signal proportional to the analog input signal.

The signal model herefor is illustrated in FIG. 8. The
input signal z(t) may be Tx(t), T,(t), Axf(t) or A/f().
This signal is integrated with respect to time by the
integrator 294. The measurement noise v(t) is superim-
posed to the output signal of the integrator, as shown by
the summing point 296. Thus a signal

Wt)=ap+ait+wt) (50)
is obtained. The interesting quantity therein is ;. With
the filter 250, 252, 254 or 256 an estimated value 3 of
this quantity is derived from signal y(t), said estimated
value representing, at the same time, an estimated value
of the input quantity, for example A,

The filter 250, 252, 254 or 256 has the followmg struc-
fure:

Each filter comprises a first integrator, which corre-
sponds to the mtegrator 294 of FIG. 8 and which pro-
vides a signal in accordance with equation (50). The
output signal of the integrator 294 with the measuring
noise 1s applied to a summing point 298. The signal
formed at the summing point is, on one hand, multiplied
by a factor K(t), as represented by block 300, and ap-
plied to a second integrator 302, which is reset to the
instantaneous value of the sensor signal z(0) at the be-
ginning of each cycle, as has been indicated schemati-
cally in FIG. 9 by switch 304 and conductor 306. The
signal formed at the summing point 298 is, on the other
hand, multiplied by a factor K,(t), as represented: by
block 308, applied to a third integrator 310. The output
signal from the second integrator 302 is multiplied by



4,321,678

17

time t, as represented by block 312, and fed back with
reversed sign to the summing point 298. The output
signal of the third integrator 310 is also fed back to the

summing point 298 with reversed sign. The third inte-

grator 1s reset to zero at the beginning of each cycle.

If the signal at the output of integrator 302 deviates
from aj, and the signal at the output of the integrator
310 deviates from a,, a difference signal will appear at
the summing point 298. This difference signal causes
correction of these output signals through the integra-
tors, until the difference signal becomes zero. At the
output of the integrator 302, a signal will be controlled
which represents the input value z(t), thus either
Ty, T)Axf or AJF.

The parameter a, permits taking into account of d.c.
components which result from the integration of har-
monic interfering components.

A realization of the filter, which is particularly suit-
able for the time-discreet implementation with mini-
mum expendlture, 1s 1llustrated in FIG. 10. The embodi-
ment of FIG. 10 is based on the same 31gnal model of
FIG. 8 as the embodiment of FIG. 9, i.e. the signal
model in accordance with equation (50).

When the quantity y is detected at the moments T,2T,

. n'I, this signal model presents the relation:

(51)
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or, if written with vectors and a matrix
Z=Mx+f (52)
An optimum estimated value of x is
(53)

If the matrix M is substituted in equation (53), the fol-

lowing summing formula is obtained for aj
n n (54)
2241507 ~ 6 (1 + 1) 2 HiD)
HeD =T
wherein

T is the detection interval
y(iT) 1s the measured quantity at the moment iT and
will be designated y; hereinbelow.

This equation (54), reduced by 6, is realized in the
filter of FIG. 10.
The first integrator is an analog reset integrator, to
which the sensor signal is applied and which provides
an increment pulse, after a predetermined level of the
output signal has been reached, and is then reset to zero.
The number of the increment pulses generated during a
detection interval T is designated Ay; The increment
pulse number Ay;is added in a first adder 314 to the sum
y; of the preceding increment pulse numbers, which has

been delayed by one clock interval through a delay loop

316. Each clock pulse is added in a second adder 318 to
the sum (1—1) of the preceding clock pulses, which
have been delayed by one clock interval through a
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delay loop 320. The sum y; of the increment pulse num-
bers 1s multiplied in a first multiplier 322 with the sum i
of the clock pulses, whereby a signal iy; is provided.
The signal 1y; thus formed is added in a third adder 324
to the sum 21y; of the preceding signals iy; which has
been delayed by one clock interval through a delay loop
326. The signal Ziy; thus obtained is added to itself in a
fourth adder, whereby a signal 23iy; is provided.

The signal y; representing the sum of the increment
pulse numbers is added in a fifth adder 330 to the sum
2y;of the preceding signals, which has been delayed by
one clock interval through a delay loop 332. The sum n
of the clock pulses is increased by one in a sixth adder
334. The signals 2y; and (n+ 1) are multiplied in a sec-
ond multiplier 336, whereby a signal (n+ 1)2y; is pro-
vided.

The signal (n+1)2y; is subtracted from the 51gnal
221y;in a seventh adder 338. The signal thus obtained is
applied as numerator signal to a divider 340.

The signal representing the sum n of the clock pulses
1s multiplied by itself in a third mult1p11er 342. The sig-
nal n? thus obtained is reduced by one in an eighth adder
344, whereby a signal (n2—1) is provided. The signal
representing the sum n of the clock pulses is multiplied
by the detection interval T, as indicated by block 346,
whereby a signal nT is provided. The signal (n2—1) is
multiplied by a signal nT in a fourth multiplier 348. The
signal thus obtained is divided by 6, as indicated by
block 350. The signal (1/6(n2—)nT is applied as de-
nominator signal to the divider 340.

As the anticipation value of the parameter a; is con-
stant, the average of the values aj(nT) computed in
intervals T is formed for the purpose of further filtering.
The average is formed in form

. 1 B (55)
ay (n1) = =+~ nEk

21()
with j=n—k, n—(k—1)...n.

‘To this end the signal provided by the divider 340 is
applied to a nineth adder 352 after a predetermined
number of clock intervals, as indicated by the switch
354. The applied quotient signal is added in the nineth
adder to the sum of the preceding quotient signals,
which have been delayed by one clock interval through
a delay loop. The sum thus obtained is divided by the
number of the applied quotient signals, as indicated by
block 356. |

As has already been described in connection with
FIG. 5, the intermediate housing 438 can also be rotated
with shaft 442 through 180° about a vertical axis. Then
the gyro unit is in a respective one of the two positions
illustrated schematically in FIG. 13 and FIG. 14. In the

“initial position” illustrated in FIG. 13, the first input
axis x of the gyro extends to the rear of the Figure, and
the second input axis y extends to the right. The other
position of the gyro unit 420, which is reached after a
180°-rotation about the axis z is illustrated in FIG. 14. In
this position the first input axis x of the gyro. points to
the front of the figure, and the second input axis points
to the left. As mentioned above, the gyro unit 420 con-
tains a gyro assembly of the type shown in FIG, 4.

The erecting torques which are exerted on the gyro
by the torquer acting about the x-axis due to the signals
from the pick-off on the y-axis in the initial position of
FIG. 13 are designated Mx{1). The erecting torques,
which are exerted on the gyro by the torquer acting
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about the y-axis due to the signals from the pick-off on
the x-axis in the initial position of FIG. 13 are desig-
nated M,(1). In the position angularly offset by 180°
with respect to this initial position, the corresponding
erecting torques are M;(®) and M,3), respectively. The >
pick-offs and torquers provide signals

) 1 3) 3)
MOy MY MY M)
=g Ly = I =g yETHT 10

The signals Tx{!and T, result from equations (26) and
(27). The signals obtained after the 180° rotation are

T_{S] = — {y + apld; + aydly + may, — qay — naya; — (36) 15
C — A
== 00, + B,
*‘“"‘“Ti,:;) | — ﬂx — ax;_rﬂy — a_r}n(lz + fﬂﬂx + qay — Hﬂxﬂg e (57)
C -~ A
H Qrﬂx + BA'
20

The differences of the signals with the initial position of
FIG. 13 and the posttion of FIG. 14 angularly offset by

180° become

25
(58)

C — A
naiz + g {1,{} ) 30

, i

~2 (ﬁx + ﬂ-.::zﬂy + mayx — gdy + Nnaxd; + 2 ; 4 ﬂzﬂx) :
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It will be noticed that the uncompensated gyro drifts
Bx and By are not contained in these signals. With many
gyros, however, these uncompensated gyro drifts are
the major sources of error, which count more than all
the other source of error together. With each gyros the 40
rotation of FIGS. 13 and 14 is to be preferred to the
arrangement of FIGS. 11 and 12, for which equations
(32) and (33) are valid.

The signals may be processed in an appropriate mem-
ory and computer circuit in accordance with equations
(58) and (59).

With the arrangement of FIG. 5, however, both kinds
of rotation can be used for the error compensation. The
computer in FIG, 15 comprises a first memory 454, a
second memory 456 and a third memory 458. In the
initial position of FIGS. § and 11, at first the signals
TxitD) and Tyi{!) of the torquers are stored in the first
memory 454 said signals resulting from equations (26)
and (27). (The lower mndex ““1” indicates the first mea- 55
surement of these signals). Thereafter the intermediate
housing 428 is rotated through 180° about the vertical
axis by means of the servomotor 448. The signals T,()
and T,(3) then obtained from the torquers are stored in
the memory 458. The intermediate housing 428 is ro- ¢
tated back into its initial position. The signals Tx2(1) and
T2 of the torquers are again picked off in this initial
position and are stored in the memory 456. Thereafter
the gyro unit 420 is rotated through 180° about the
horizontal axis by the servomotor 434. The signals T,{%) g5
and T (%) obtained from the torquers and corresponding
to equations (30) and (31) are also supplied to the com-
puter, as mndicated at 460,462.

45

50

20

A mean value former 464 forms the mean values from
the signals stored in the memories 454 and 456

TD =T D+ Too) and (60)

Ty =T (D+ 73,,(1)) (61)

The difference

QT},=7}{1)_ Ty(ﬁ) (62)

1s formed at a summing point 466 (see also equation (32).
The formation of the difference

STre=T4 T =2 (Q)—m.ay— ayQ;) (63)

is effected at a further summing point 468. The two
difference signals AT, and 2T ,.are supplied to dividing
means 470, which form the quotient

2o
— ﬁTy )

This quotient 1s applied to an inverse tangent function
generator 472, which forms the north deviation signal

Y = arc tan 2 Txe | (64)

For self-testing purpose the sum

STy= Ty 4 T3 (65)

may be formed at a summing point 474 and the sum

STy=— (T, + 1,1 (66)

may be formed at a summing point 476, which, as can be
shown, are substantially proportional to the gyro drifts.

The operation of this arrangement 1s as follows: From
equations (16) and (56) follows:

STx=TD+ TxD=2 (apsQ;+ B)) (67)

and

STp= T,V T2 =2 (— a2+ By). (68)

With negligible deviations ax and ayy, respectively, of
the gyro input axes relative to the housing axes, which
can be achieved by appropriate precision of manufac-
ture, the following is valid with good approximation:

2B,=57% (69)
28,=ST,, (70)

wherein By and B, are estimated values for By and B,.
Therefore the expression 2T from equation (33), which
enters the equation for the north deviation, can be cor-
rected for the gyro drift By, after ST« has been deter-
mined. The expression 2Ty, thus corrected 1s

3 Txe=STx—2By=TD4 T, (D28, (71)

and, if 2 By from equation (69) is substituted:

STe=T D172 T 7)o 7 (2} _T ) (72)
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Equations (30) and (31) then yields:

3 Tre=20)— 2may— 20,82,

Furthermore, as has already been stated above the
following is true

independently of By. Wlth dlsturblng terms neglected,
this yields |

Q,
£},

2T
ZAT,

—
= y—y

== tan l'b,'.

this term being compensated for the gyfo drifts By and

B,. | -
The change-over and the application of the signals to
the various memories and inputs are controlled in the
correct sequence by a .program control unit (not
shown).

Thus the arrangement of FIG. 7 prov:des the initial
values of the elements of the dlreetlonal cosine matrix
or attitude parameters prior to starting on the mission.
The gyro unit is then rotated from the position “north-
ing” of FIGS. 4 and 3 into the position *“heading-atti-

tude reference”. Then the computer unit continuously

provides the current attitude parameters.

This computer unit 68 1s illustrated in detail in FIG.
16.

As 1llustrated by block 80, the computer unit 68 pro-
vides signals --

C31=Ca20: '~ Cazer, * (74)

Ciy=Ciiwy’ —Cijo,

from the elements of the last line of the directional
cosine matrix—fed back in the manner to be described
hereinbelow—and the rotary speeds wr?, @y ”, w. " from
the sensors 20,22,24 and compensated at 60,62,64. The
signals C31 and C3y thus obtained are integrated with
respect to time by integrators 82 and 84, respectively, in

order to get the signals C3; and C3y. The initial values
C31(0) and Csi3) for the integration are obtained as de-

scribed above with reference to FIG. 7.
As the matrix CgX is orthonormal,

(76)

2
31 + C:;';z + C%y, = 1
(77)

.'(‘73)_

.5
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i.e. the third element C33 results automatically from the

two other ones. As illustrated by block 86, a signal -

representing the element C33is generated in accordance
with equation (78) from the output signals of the inte-
grators 82 and 84. Thus the elements C31, C37 and Cj3

are available for the signal processing in block 80 in
accordance with equations (74) and (75). The elements
C31, C32 and Cj3 are supplied -to the eomputer units

66,70 and, partly, 72, as illustrated in FIG. 1.
A signal

[C330F + Cawyf]..

- (78)

53

60

05

22 .
is generated in computer unit 70 from the signals Cay,
C3z and Cj33 thus obtained and from the rotary speeds
wy’, and w;, as indicated by block 88. Cdmputer unit
70 is shown in detatl in FIG. 17. This signal is the time
derivative of the “inertial” heading angle, as it is de-
rived from the measured angular speeds wxf, ,f, o/
An estimated value D, of the heading drift is superposed
to this signal 1!1; at a summing point 90, said estimated

- value being obtained in a manner to be described herein-

below. The corrected heading angle rate signal is inte-
grated with respect to time by means of an integrator 92
and provides the true heading angle s in the earth-fixed

coordinate system. The heading angle ¥ is applied to a
sine function generator 94 and a cosine function genera-

tor 96 to provide signals sin Y and cos ¥, which are
supphed to the computer units 66 and 72, as tllustrated

in FIG. 1. | |
‘The elements Cst, C32, (33 of the directional cosine

matrix as obtained solely from the angular speeds wF,

wyt and o/ are subjected to a drift. Such a drift may

‘result in intolerable errors, unless very high demarids on

the gyro and on the other components are made. For
this reason these values are backed making use of the
signals AxFand AyF from the accelerometers 42,44 and
of the signal vxF from the speed sensor.

The signal C3; from the output of the tntegrater 82 is
multtplled by the acceleration g due to gravity, which is
represented by block 98, and is superposed at a sum-
ming point 100 to the signal A, from the accelerometer
42. A further signal is applied to the summing point 100,
as will be described hereinbelow. The signal A,F of the
accelerometer 42 and the superposed signals at the sum-
ming point 100 are integrated with respect to time by an
integrator 102. Thus an inertial speed signal vj,F, i.e. a
speed signal which is derived from the acceleration
signal Ay taking the component of the acceleration due
to gravity into account, is provided and is supplied to
the computer unit 76 (FIG. 1). The speed signal vxF
from the speed sensor 52 is superpesed to the inertial
speed signal v, " with opposite sign at a summing point

104 to provide a difference signal. The difference signal

multiplied by a time-dependent factor K,(t), which is
represented by block 106, is said further signal super-
posed at summing point 100 to the signal A, of the
accelerometer. Furthermore the difference signal multi-
plied by a time- dependent factor K.(t), which is repre-
sented by block 108, is superposed at a summing pomt
110 to the C31 signal. The signal formed at the summmg
point 110 is integrated by the integrator 82.

In similar manner the signal C3; from the output of
the integrator 84 multiplied by the acceleration g due to
grawty, which i1s represented by:block 112, 1s super-
posed in the summing point 114 to the signal A,F from
the accelerometer 44. A further 31gnal still to be ex-
plained is applied also to the summing point. The signal
A,F of the accelerometer 44 and the superposed signals
at the summing point 114 are integrated with respect to
time by an integrator 116. Thus also an inertial speed
signal vy, is obtained, which is supplied, like the signal
vixF, to the computer unit 76. A speed signal v, from
a transverse speed sensor may be superposed with Oppo-
site sign to the inertial speed signal wyF at a summing
point 118. With a vehicle of the type in question here, it
can, however, be assumed that v,'=0. The signal thus

obtained multiplied by a time- dependent factor K,(t),

which is represented by block 120, is said further signal
superposed to the signal A,f from the accelerometer 44
at the summing point 114. In addltton the signal from .
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the summing point 118 is superposed with a time-
dependent factor k(t) represented by block 122 to the
C32-signal at a summing point 124. The signal formed at
the summing point 124 is integrated by the integrator
84.

In order to take the centrifugal acceleration into ac-
count, an additional signal may be applied to the sum-
ming point, which signal is obtained by multiplying the
signal v from the speed sensor 52 by the angular speed
o about the vertical axis z%, as has been illustrated by

block 126.

A filter which provides a signal, which represents the
element C3 of the directional cosine matrix CzR, from
the accelerometer signal A,f of the accelerometer 42
and from the speed signal v,f of the speed sensor 52 is
1llustrated in detail in FIG. 19.

As can be seen from FIG. 1, magnetic field respon-
stve means 18 and 58 for determining the direction of
the magnetic field of the earth in an earth-fixed coordi-
nate system and for generating a signal representing this
direction are provided. A signal D, from the computer
unit 58 is superposed to the y; signals with opposite sign
at at the summation point prior to the integration with
respect to time by the integrator 92. This signal repre-
sents an estimated value of the heading drift derived by
means of the magnetic field of the earth. The generation
~ of this signal D, is illustrated in FIG. 18.

The signal yns representing the direction of the mag-
netic field of the earth (magnetic heading angle) is su-
perposed with opposite sign to an inertial heading signal
Yir obtained by integration of the yi-signal to provide a
difference signal (Yr—ynr). A first signal Ayys of the
same sign and a second signal AYy; of opposite sign are
superposed to this difference signal Uiy —yny at a sum-
ming point 128. The first signal Alys is an estimated
value of the error of the magnetic heading angle, and
the second signal is an estimated value of the error of
the inertial heading signal, as will be explained herein-
below. The first signal Ay is obtained by integration
with respect to time of the signals thus superposed at
summing point 128 with a first, time-dependent factor
K1(t) by means of an integrator 132. Furthermore the
superposed signals are multiplied by a second time-
dependent factor Kj(t), which is represented by the
hlock 134, and are then integrated with respect to time
by means of an integrator 136. A signal which repre-
sents an estimated value D, of the heading drift will then
appear at the output of the integrator 136. Eventually
the signals superposed at the summing point 128 are
multiplied by a third time-dependent factor Kj(t),
which is represented by block 138.

The product signal thus obtained and the above men-

tioned signal representing the estimated value D, of the
heading drift are superposed at a summing point 140.
The signals thus superposed at the summing point 140

are integrated by means of an integrator 142 and pro-

vide the above mentioned second signal AYy, which is
applied to the summing point 128 like the first signal
AYys. The signal obtained from the integrator 136 and
representing the estimated value D, of the heading drift
i1s, at the same time, superposed with opposite sign to
the yi;-signal at the summing point 90 (FIG. 17) prior to
the integration of this signal.

The arrangement described operates as follows:

According to equation (22), Ca; = —sin 9. Thus the
component g sin 3 is substracted from the signal A;¥ of
the accelerometer at the summing point 100 of FIGS. 16
and 19, said component being due to the acceleration
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due to gravity. Thus a signal is provided which repre-
sents Newton’s acceleration in the direction of the lon-
gitudinal axis x¥ of the vehicle. This signal is integrated
by the integrator 102, whereby a signal v ,Fis provided,
thus the inertially measured speed. This inertial speed
vix''is compared to the speed vy measured by the speed
sensor 32. A deviation of these values from each other

may be due to an error of the accelerometer or to a
wrong C31. The deviation is applied to the summing
point 100 with a predetermined, time-dependent factor

K(t) and thereby corrects the signal A, of the acceler-
ometer 42. In addition it is integrated with a second,
predetermined, time-dependent factor Kt) and cor-
rects the value of C3;1. A controlled state will then be
achieved in which the deviation between vxF and v, F
become zero, whereby the correct value of Ci; will
occur. By appropriate selection of the factors care can
be taken that, taking the typical systematic errors of the
sensors mnto account, an optimum value of C31 will be
obtained. |

In the case of FIG. 16, the deviation between v7,F and

vx!" causes correction of Csj prior to the integration.
If s designates the (at first unknown) true heading

angle, which is not falsified by drift or the like, the
following is valid: N

‘ﬁ! =Y+ Ays; (79)

Uit = Ui+ Ay, (80)
if Air and Ay are the errors of the inertial and mag-
netic heading angles, respectively. This yields

Wr —ing = Avfir — Ay (81)
With the filter of FIG. 18, it has been assumed that the
difference Yy—yns has the form |

Yr—Ym=ag+ait (82)
l1e. is composed of a constant component a, and a
linearily increasing component- ait. Furthermore, it has

been assumed that Ayny is constant, thus

Ang =0 (83)
Therefrom follows:

Mr=r—w=ar (84)
On the other hand is per definitionem

Air =D, (85)

the heading drift of the inertially measured heading
angle, which therefore corresponds to the coefficient
a). These relations are simulated in the filter of FIG. 18.
At the summing point 128 the difference of estimated
values AYy and Ay is connected in opposition to the
difference yy—yny, which has been received from the
circuit of FIG. 17, the initial estimated values Ay;(O)
and AU (O) being selected in some reasonable way as
also the initial value D40O). A deviation of the differ-
ences 1s multiplied by K(t) and integrated by the inte-
grator 132 and causes variation of Alns. Furthermore
the deviation at the summing point 128 with the factor
K(t) causes a variation of the estimated value through
the integrator 136. With zero  deviation
(Ur—ing)—(AYr—A¥ny), this estimated value would
cause a linear increase of the signal at summing point



23

128 through the integrator 142, the deviation remaining
zero only if D; is equal to the actual headlng drift. In
addition the deviation is applied directly to the integra-
tor 142 with the factor Ki(t), whereby AV is addition-
ally corrected by a constant value. It should be noted
that Ki(t), K2(t) and K3(t) are functions declining with
time torwards zero. In the stationary state, the deviation
(Jsr — Urnr) — (A’ip; —Ains) at the summing point- 128 is
zero, and D; i1s equal to the heading drift Ay, This
signal 1s tapped and corrects l,b.r in FIG. 17.

A simplified modification is illustrated in FIG. 20,
corre5pond1ng elements bear the same reference numer-
als as in FIG. 16.

In the modified embodiment of FIG. 20 the inertial
heading angle i is connected in Dpp(}SltIDIl to the mag-
netic headmg angle at the summing point 144. The dif-
ference 1s, on one hand, with a factor K1 superposed to
the yi;-signal at the summlng point 146. On the other
hand, the difference is integrated by means of the inte-
grator 148, and the mtegral with a factor Kjis apphed to
the \i-signal at the summing point 146.

The computer unit 76 in FIG. 1 represents an optimal
filter, which, 1n accordance with FIG. 21, 1s con-
structed in the following way:

The difference v f-v, of the component vy of the
inertial speed signal falling -into the direction of the
longitudinal axis x£ of the vehicle and of the speed sig-
nal v, from the speed sensor 52 is connected in opposi-
tion, at a first summing point 148, to the difference of a
first and a second signal formed at a summing point 130.
The first signal represents, as will be explained herein-
below, an estimated value AvyF of the error of the
longitudinal component signal vy, The second signal
represents, as will also be explained hereinbelow, an
estimated value Av,F of the error of the speed signal
viL. A first difference signal z; is formed at the summing

point 148.
A further signal is connected in opposition at a sec-

ond summing point 152 to the component vy of the
inertial speed signal falling into the direction of the
transverse axis of the vehicle to form a second differ-
ence signal. This further signal represents, as will be
explained hereinbelow, an estimated value Avp# of the
error of the transverse component signal wyF of the
Inertial speed.

The first difference signal multlphed by a faetor Kii

as well as a signal

C32dz—~C33dy
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C33dx—- Ci1dy

are added at a fourth summing point 160, wherein
C31,C33 are again elements, provided by the transfor-
~ mation parameter computer, from the last line of
the directional cosine matrix for the transformation
~ from the vehicle fixed coordinate system into an
earth-fixed coordinate system, and |

~ dy,dy are the known drifts of the rotary speed sensors

20,22 sensitive about the longitudlnal and trans-
VErse axes, respeetwely

- The signal thus obtained is integrated by means of an
1ntegrat0r 164, which provides a signal ACsp at its out-
put, ACj3; being, as will be explained hereinbelow, an
estimated value of the error of the element Ci of the
d1rect10na1 cosine matrix. *

The signal AC31 mu]tlphed by the acceleration g due
to gravity, which is represented by block 168, the first
difference signal z| multiplied by a factor K31, which is
represented by block 170, and the known zero deviation
by of the accelerometer sensitive in longltudmal direc-
tion of the vehicle are added at a fifth summing point
166. The signal thus obtained is integrated by an inte-
grator 172 to provide the above mentioned signal which
represents the estimated value Avyx¥ of the longitudinal
component signal vy F of the inertial speed.

The signal A, of the accelerometer sensnwe in lon-
gitudinal direction x of the vehicle, and the element
C3 of the first column and the last line of the directional
cosine matrix C/X provided by the transformation pa-
rameter computer 68 and multiplied by the acceleration
g due to gravity, which is represented by block 176, is
added at a sixth summing point 174. This results in a
signal representing the translatory acceleration V.f in
the longitudinal direction xF of the vehicle. The first
difference signal z; multlplled by a factor Kﬁ], which 1s
represented by block 180, is Integrated by an integrator
178 to provide an estimated value Ak, of the error of the
scale factor of the speed sensor 52. The signal represent-
ing the translatory acceleration v, is multiplied by this
estimated value Aky, as indicated by block 182. The first
difference signal z; multiplied by a factor Ks;, as repre-
sented by block 186, and the product of the signal repre-
senting the translatory acceleration Vz* and of the out-

45 put signal A"k, of the integrator 178 are added at a sev-
- enth summing point 184. The signal thus obtatned is

50

are added at a third summlng pomt 154, as lllustrated by |

block 154, wherein -

C32,C33 are elements provided by the trensfermatlen
parameter computer 68 from the last line of the
directional cosine matrix for the transformation
from a vehicle-fixed coordinate system into an
earth-fixed coordinate system, and |

dzd, are the known drifts of the rotary Speed SENsors.

22, 24 sensitive about the vertical and transverse
axes, respectively.

The signal thus obtained is 1ntegrated with respect to
time by means of an mtegrator 158, which provides a
signal AC3; at its output, ACa; being, as will be ex-
plained hereinbelow, an estimated value of the error of
element Cj31 of the directional cosine matrix.

The second difference signal z; multiplied by a factor
K72, which 1s represented by block 162, and a signal

23
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integrated by means of a further integrator 188. Then
the integrator 188 provides the above mentioned signal,
which represents the estimated value Av,¥ of the error
of the speed signal v, from the speed sensor 52.

The signal AC3; from integrator 164 multiplied by the
acceleration g due to gravity, which 1s represented by
block 192, the second difference signal z; multiplied by
a factor K43, as represented by block 194, as well as the
known zero deviation b, of the accelerometer 42 sensi-
tive in the longitudinal direction xF of the vehicle are
added at an eighth summing point 190. The signal thus
obtained is integrated with respect to time by means of
an integrator 196. The integrator 196 prowdes a signal
which represents the estimated value Avyf of the trans-
verse component 31gnal of the inertial speed.

As illustrated i FIG. 1, the signal Avx obtained
from integrator 188 is subtracted from the speed signal
vx{ of the speed sensor 54 at the summing point 78.

The filter described up to now assumes that the ro-
tary speed w;* of the vehicle about its vertical axis z* is
small, and AC3 and AC32 are also kept small by good
attitude filters. In this case two separate filters, one of
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which is of fourth order and one of which is of second
order can be used instead of one filter of sixth order. If
this assumption cannot be made, the filter has to be
supplemented as follows, as has been illustrated in FIG.
21 by the elements shown in dashed lines: 5

The signal ACyy multiplied by the rotary speed wzf
about the wvertical axis, on one hand, and the second
difference signal z; multiplied by a factor Kiz, on the
other hand, are additionally added at the third summing
point 154. The signal AC32 multiplied by the rotary 10
speed about the vertical axis, on one hand, and the first
difference signal 2; multiplied by a factor K3i, on the
other hand, are additionally added at the fourth sum-
ming point 160.

The second difference signal z; multiplied by a factor 15
K 5215 additionally added at the fifth summing point 166.
The second difference signal zo multiplied by a factor
K52 1s additionally added the seventh summing point
184. The difference signal z; multiplied by a factor K4
1s additionally added at an eigth summing point 190. 20

The second difference signal Z; multiplied by a factor
K¢z 1s additionally applied to the integrater 178 for
providing an estimated value of the error Aky of the
scale tactor of the accelerometer 52.

The factors K;; are, in general, functions of time and 25
are computed off-line.

The filter in its simplified version operates as follows:

With a filter of the present type a model of a quantitiy
looked for, for example of the error of the speed signal,
1s copied. The quantity obtained by the model i1s com- 30
pared to a measured quantity. Then the paramters of the
model are varied depending on the deviation observed,
until the quantity obtained by the model becomes equal
to the measured quantity. As in the present case, a plu-
rality of quantites can be combined in the model, a 35
plurality of measured quantities being supplied to the
filter.

The filter described with reference to FIG. 21 is
based on the following error model for the speed infor-
mation: | 40

Av E =AMk v + Ave gt | (86)
AV =gACy +by (87)
AVl =gAC3y+ b, . (88) 43

This means: The error Avyf of the speed v, measured
by the speed sensor 52 is due, on one hand, to a zero
deviation vxgf and, on the other hand, to a scale error
Akyx. The error of the measured translatory accelera-
tions Avxf or Avyf results from an error AC3; or

AC33, respectively, of the respective element of the
directional cosine matrix and from a zero deviation by,
or by, respectively, of the respective accelerometer 42
and 44, respectively.

It 1s assumed that by and by are known. Also the drifts
dx,dy and d; of the rotary speed sensors 20,22,24 are
assumed to be known. The errors AC31and AC37 caused
by the drifts are, in analogy to equations (74) and (75):
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AC3 = C3d;— C33dy (89)
and

ACy = C33dx— C31d; (90)
65
These signals are applied to the summing points 154 and
160, respectively and are integrated whereby estimated
values ACs; and ACsz are provided. These estimated
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value are multiplied by g, and the zero deviation by or
b,, respectively, is added at the summing points 166 and
190, respectively. In accordance with the model of
equations (87) and (88) this yields waF and Av L, from
which estimated values Avy,Fand Av p/ are obtained by
mtegratlon

The integrator 178 prowdes at ﬁrst an estimated
value Akx(O) of the error of the scale factor of the speed
sensor 32. This estimated value is multiplied by the
inertially derived acceleration signal v,/ from summing
point 174. The value thus obtained is integrated by the
integrator 188 and then provides the first term of equa-
tion (86). The second term Avyp! corresponds to the
initial value of the integrator 188, whereby the integra-
tor 188 provides an estimated value Av,f of the error of
the speed signal v f from the speed sensor 52. (For the
purpose of the error estimation the time integral of the
inertially measured translatory acceleration vxf may
replace the speed signal from speed sensor 52 in the
expression Akyv ). -
- The difference wyF v, of the speeds in the direction
xf of the longitudinal axis of the vehicle measured iner-
tially and by the speed sensor 52 and the inertially mea-
sured transverse speed serve as input quantities to the
filter. The following has to be true:

vk —ve=Avpd — Ave L. (91)

Furthermore
&vgy —_v;y , (92)

as the average of the transverse speed of the vehicle is
ZEro.

When the estimated values Av;xF AV:F and &wyF
deviate from the input quantities, the difference signals
z1 and z; will occur. These difference signals are multi-
plied by appropriate functions of time and are applied to
integrators, whereby they vary the parameters of the
models, until the difference values become zero, thus
the estimated values satisfy the equations (91) and (92).
For example z; varies the estimated value Ak, with the
factor Kgi through the integrator 178, and the estimated
value for the zero deviation Av,zf of the speed sensor
52 with the factor Ks; through the integrator 188.

In the general case the parameter are varied depend-
ing on linear combinations of the difference signals z;
and z;. For example AC3; is varied depending on
Ki11z1+ K2z3. Usnally the filter may, however, simpli-
fied 1n the manner described above. | | |

The speed signal vyt from the speed sensor 52, cor-
rected at the summation point 78 by the estimated value
Av,f is applied to the coordinate transformation com-
puter 72, which 1s illustrated in detail in FIG. 22.

The coordinate transformation computer 72 receives
the signals sin Yy and cos Y as well as the element
Cs1 = —sin O of the directional cosine matrix. From the
latter element it forms |

(93)
COS U = | — 31

as illustrated by block 198.
The coordinate transformation computer forms
therefrom and from sin s and cos s the products sin

cos U and cos W cos 4, as illustrated by the blocks 200
and 202. Multiplication of the signals thus obtained and
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of C31 = —sin ¥ by the corrected speed signal ¥y
resented by blocks 204,206,208 yields

F. rep-

R =R cos ¥ cos & (94)
PyR:-ng sin ¥ cos 9 (95)
v =7, F sin 9 (96)
in agreement with the multiplication of the vé_:ctor
7. F (97)
.

by the directional cosine matrix CgX of equation (1).
The speed components in an earth-fixed coordinate
system x&, yR zR are obtained, as illustrated in FIG. 23.
The position computer 74 (FIG. 1) computes therefrom
the position of the vehicle. It is, as can be seen from
FIG. 23 -

y R - (98)
T Ry + A .
v R (99)
S
(R, + h)cos @
wherein

® 1s geographic latitude

A 1s geographic longitude |

R, is the radius of the reference surface of the earth
(sea level),

h 1s the altitude above the reference surface

Thus the position computer 76 computes
(100)

r R (101)

A (1) = f Rot Moos ©

dt + A0).

Altitude above the reference surface is derived by inte-
grating the vertical speed component v X and is backed
by a reference altitude h,, which is measured or fed in
with stationary vehicle. The filter structure provided
herefor is illustrated 1in FIG. 24. o |

The signal v® is integrated by an integrator 210 and
provides an estimated value h of altitude. The differ-
ence h,—h is formed at a summing point 212. The devia-

tion of estimated value and reference altitude is multi-.

plied by a time-dependent-factor k(t), which has been
computed off-line and 1s represented by block 214, and
1s fed back to a summing point 216 at the tnput of the

integrator 210.
In FIGS. 7 to 10, each of the ﬁlters 250,252,254 and

256 1s illustrated as arranged in an associated separate’

channel without interconnection between these chan-

nels. This procedure does not take into account the

Interaction between the various axes, i.e. the fact that
rotation about one axis affects also the signal obtained
about some other axis. Therefore the signal processing
described in connection with FIGS. 7 to 10 is not com-
pletely exact. In many cases, however, it will provide

sufficient accuracy while, on the other hand the expen-

diture can be reduced considerably.
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An exact mode of signal processing will now be de-
scribed with reference to FIG. 25.

With misalignment of the spin axis zg relative to the
vertical, the accelerometers 42 and 44 provide accelera-
tion signals ay and ay as components of the acceleration
due to gravity. These signals a, and ay are supplied to a
computer together with the signals Uy gnd Uy from the
torquers The computer may be a mlcroprocessor

With a not-exactly-vertical alignment of the spin axis
z¢ of the gyroscope, the north deviation signal obtained
from the north deviation computer (FIG. 7) does not
represent the true north deviation ys but only an esti-
mated value s of the north deviation. With this esti-
mated value s assuming actually vertical alignment of
the spin axis of the gyroscope, transformation parame-
ters, for example in the form of the directional cosines,
between a gyroscope casing-fixed coordinate syste,
which 1s defined by the first input axis xg, the second
input axis Y and the spin axis zg of the gyroscope, and
an earth-fixed coordinate system, which is defined by
east direction, north direction and vertical, are ob-
tained. These transformation parameters can be com-
bined in a directional cosine matrix

(102)

Using this (at first only approximately correct) direc-
tional cosine matrix, error signals are formed by the

- computer 478 (FIG. 25) from the acceleration signals a,

and ay provided by the accelerometers 42,44 as well as
from the signals Uy and Uy of the torquers of the gyro-
scope, these error signals being represented 1n F IG. 25
as combined in an error vector e. |
These error-signals represent the errors of the se-
lected transformation parameters as resulting from the
signals ayand a, of the accelerometers 42 and 44, respec-
tively, and from the torquer signals Uy and U, of the
gyroscope. In a' computer unit 482 these error signals €
are weighted with factors P; variable with time and
ascertained in advance “off-line” by means of an optimi-
zation method. Correction signals for the transforma-
tion .parameters are provided by a correction signal
computer 484 from the error signals thus weighted.
These correction signals are represented by a correction
signal vector U in FIG. 25. The transformation parame-
ters are corrected accordingly in a transformation pa-
rameter computer 486 to which the correction 51gnals U
are fed. The corrected transformation parameters are
again supplied to the error 51gnal computer 480 as new"

estimated value. Thus there is a feedback in a closed

loop: Estimated values of transformation parameters are
used to compute corrections of the transformation. pa-
rameters making use of the signals a, and a, of the accel-
erometers 42,44 and of the torquer signals Uyand Uj of
the gyroscope. The improved transformation parame-
ters thus corrected are used during the next computing

‘cycle to compute further corrections, until eventually

the output signals of the transformation parameter com-
puters 486 converge towards values at which the error
signals € vanish.

The procedure outlined above will explained in

greater detail hereinbelow. CrR does not represent the

actual relation between F-system (the axes of which are |
coincident with the gyro-fixed G-system) and the R-
system, but transforms the acceleration vectors af and
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rotary speed vectors of measured in the F-system into
a C-system, which results from the R-system by rotation
through the error angles ©,, ©,, O, as illustrated in
FI1G. 26.

Appropriate measures have to ensure that the C-sys-
tem i1s converted into the R-system, i1.e. that the error
angles Oy, Oy, O; go towards zero. This will cause Cgf
to go towards C¢", the elements in the matrix of equa-
tion (102) being adjusted automatically to their correct
values given for CgR in equation (1) with the misalign-
ment of the instrument being taken into account.

This object 1s achieved by the circuit of FIG. 25.

The sensors for measuring the misalignment are the
two accelerometers designated by 42 and 44 of FIG. 5.
With small pitch () and roll angles (¢), the outputs of
the accelerometers are

axt= Bg

ay F o {}g (]03)
When these output signals a,’, a,f are transformed into
the C-system by the available, not exact matrix Cg-,
wherein Cg® is related to the exact CgR as follows, if a
matrix Cr¢ is defined in accordance with FIG. 26

CrR=CrC.crR2 e (104 )
The x- and y-components of the acceleration in the
notional C-system are

HXC: e}r'g

ayC= —Oyg (105).
These signals would be provided by accelerometers
mounted 1n the C-system.

In the sense of the aforementioned control problem,
a,C and ayc are error signals representing the error an-
gles Oy and ©,, respectively. Carrying out the same
steps for the rotary speeds o measured in the F-system
(which 1s identical with the G-system) yields the y-com-
ponent in the C-system as follows:

Q¢ = — 0,0 peosd — O o psind, (106)
wherein wg 1s the rotary speed of the rotation of the
earth and ® is latitude.

With respect to the control problem also w,C is an error
signal, as it contains the third error angle O..
Consequently block 480 of FIG. 25 computes the error
signals, represented by the error vector

el =[axC, a)C, w,C) (107)
from the measured informations axf, a,f and w,! and
w,’. Because of the assumed small angles (3,¢) of the
misalignment, w," is assumed as

w A = —wgsin & (108)
and a, 1s assumed as

R

a,f = —g (109)

Thus, with the definition of C#R as illustrated in FIG.
26, the following computations are carried out in block
80:

oy

axC=Criad+Craaf —Ciag (110)
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Fit Coayf'~Cosg (111)

(112)

wherein

w =g sin P (113)
During the first run, the values from equation (102) are
substituted as Cy;.
This defines the error vector e.

In order to convert the C-system into the R-system,
the following “actuator” signals will be defined with
the above mentioned error signals:

Ux® = Pyay© (114)

Uyb= — Py, ¢ (115)

U,b = P (116)
The gain factors (weighting factors) Py, P), P;are com-
puted “off-line” in accordance with criteria of stability,
accuracy and follow-up speed.
It 1s assumed, that
O, can be reduced by a rotation U,¢ about the x¢-
axis,
O, can be reduced by a rotation U,¢ about the yC-axis,
and |
O, can be reduced by a rotation U,C about the z¢-axis.
The “actuator” signals are computed from € in block 82
of FIG. § and represent the “actuator” vector

[UC]=[UE, U, U6 (117)

As the C-system 1s only a notional system, it is, of
course, not possible to rotate, “physically’” about the
axes of this system. It is, however, possible to

vary the matrix CR 2 CxC by
CFC=C/C. UF, (118)
wherein

(119)

0 — U U
Ur= | U5 0 —U"
T o Ul oo

—UZ Uy

[UF] T = (U5 U, UF)

and

(120)

. . *
are notional rotary speeds in the F-system. The latter
onegs are derived from those in the C-system by the
transformation.

U =Cf'UC=[Crl)TUC=[CeR)TUC (121)
Here always the most recent value of CgR is substituted
for CgL in accordance with equation (104). If, further-
more, the U# thus determined, are substituted in equa-
tion (118), this results in the change of C£C = CgR neces-
sary in accordance with the control requirement Gy, ©,,
0.—0.

In block 484, FIG. 25, the UC formed in accordance
with the equations (114) to (116) is, at first, transformed
into the F-system in accordance with equation (118), in
order to obtain the vector of the “actuator” speed,
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which 1s required to make Oy, 6y, 6, go towards zero,
in the F-system (Uf). The Uf-vector represents the
three weighted corrective signals for the transformation
parameters (here for the elements of the directional
cosine matrix). In accordance with equatlon (118) a
corrected (new) CpR-matrix is computed in block 486,

FI1G. 25, by forming

CrR (old) + [ CeR (old) - UF dt (122)

E‘FR (new) =
Subsequently the error vector € is again computed with
this new CpR-matrix, as described. This procedure is
repeated, until after some time CgR has converged
towards the correct C/X by making Oy, ©), and 6; con-
verge towards zero by the closed loop control de-
scribed.

In block 488 the true heading is computed aiways
with the most recent CgR-matrix.

I claim:

1. Navigational instrument for a vehicle, wherein the
north direction 1s determined by means of a gyro, com-
prising:

a two-axis gyro having a spin axis, a first and a second

Input axis,

a first angle pick-off and a first torquer on the first
Input axis,

a second angle pick-off and a second torquer on the
second input axis,

first amplifier means for applying the amplified angle
signal from the first angle pick-off to the second
torquer, second amplifter means for applying the
amplified angle signal from the second angle pick-
off to the first torquer, and

signal processing means, to which the amplified angle
signals are applied, ”

characterized 1n that:

(a) the gyro with the angle pick-offs and the torquers
1s arranged in an intermediate housing,

(b) the intermediate housing is mounted for rotation
about an axis of rotation parallel to one input axis
through 90° from a first position with substantially
vertical spin axis into a second position,

(c) a pair of vehicle-fixed accelerometers is arranged
with 1ts input axes parallel to the transverse and
longitudinal axes, respectively, of the vehicle, said
accelerometers producing accelerometer s:gnals
Axt, AfF respectively, |

(d) the signal processing means comprise

(d1) first computer means for providing initial vehicle
attitude signals from the amplified angle signals
with stationary vehicle and said first position of the
intermediate housing, and

(d2) second computer means for continuously provid-
Ing vehicle attitude signals representing the atti-
tude of the moving vehicle in an earth-fixed coordi-
nate system from said initial vehicle attitude sig-
nals, said angle signals from the angle pick-offs and
said accelerometer signals with the second position
of the intermediate housing.

2. Navigational nstrument as set forth in claim 1,

characterized by

(a) speed measuring means for generating a speed

signal representing the longitudinal speed of the
vehicle in a vehicle-fixed coordinate system,

(b) a coordinate transformation computer to which
vehicle attitude signals and said speed signal are
supplied for providing speed component signals
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indicative of the components of the vehicle speed
in an earth-fixed coordinate system, and |
(c) integrating computer means, to which the speed
component signals are supplied for computing the
vehicle position in the earth-fixed coordinate sys-
tem. |
3. Navigational instrument as set forth in claim 1,
characterized in that said first computer means com-
prise |
(a) matrix -element forming means connected to re-
ceive the acceleration signals Axf, A, of the accel-
erometers and for forming therefrom estimated
values of the elements C3; and C3y of the direc-
tional cosine matrix for the transformation from a
vehicle-fixed coordinate system (xF, y£, zF) into an
earth-fixed coordinate system (x®, y&, zR) in accor-
dance with the relation

C31(0)=—A,/g

(b) squarmg, adding and root extracting means con-
nected to receive the estimated values thus ob-
tained and for forming therefrom an estimated
value of the third element C330of the last line of the
directional cosine matrix CgR in accordance with
the relation

C313(0) = + X1 — C%l — C%Z , and

(c) means connected to receive the signals applied to
the torquers and for deriving therefrom signals
representing the rotary speeds wyf and w,f,

(d) heading angle means connected to receive the
mgnals C31, C32 and C33 and the sxgnals represent-
ing the rotary speeds wy* and w,f, and producing
a signal representing the initial heading angle s (O)
of the vehicle in an earth-fixed coordinate system
in accordance with the relations

. i M
| 1 . LC I
cos yi(O) = —-———-—-—-|:C31 sin & + Oz cos @ :|
| (2)
SR e [\' -
| 1_'*'-r Ci — &, |

F
Wy
W + C33 tan @ } + (31 C32c05l11:|

wherein

D 15 geographlc latitude and
Wz 1s the rotary speed of the earth.
4. Navigational instrument as set forth in claim 3,

characterized by

(a) the signals supplied to the torquers from the angle
pick-offs, which signals are proportional to the
rotary speeds, and the acceleration signals from the
accelerometers constituting sensor signals,

(b) a pair of filters, each filter comprises three integra-
tors, three multipliers and a summing point, each
filter being connected to receive a respective sen-
sor signal, |
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(c) as to each of the filters:

(1) each of the three integrators produces a respec-
tive output signal,

(2) the summing point receives three input signals
and produces an output signal therefrom,

(3) a first of the integrators is connected to receive
the respective sensor signal and integrates it with
respect to time to produce one of said three input
signals,

(4) two of the multipliers being connected to re-
ceive the output signal of the summing point and
to respectively multiply that output signal by
factors of K (t) and K,(t) to produce respective

- output signals,

(3) a second of the integrators 1s set to the instanta-
neous value of the respective sensor signal at the
beginning of each cycle and is connected to re-
cerve the output signal of the K(t) multiplier to
produce an output signal,

(6) a third of the multipliers is connected to receive
the output signal of said second integrator, to
multiply that signal by the time t and to feed it
back to the summing point with reversed sign as
a second of said three input signals,

(7) a third of the integrators is connected to receive
the output signal of the K,(t) muitiplier and to
produce an output signal which is fed to the
summing point with reversed sign as the third of
said three input signals.

5. Navigational nstrument as set forth in claim 4,
characterized in that the third integrator is reset to zero
at the beginning of each cycle.

6. Navigational instrument as set forth in claim 3,
characterized by

(2) the signals supplied to the torquers from the angle
pick-offs, which signals are proportional to the
rotary speeds, and the acceleration signals from the
accelerometers constituting sensor signals, said
sensor signals being detected in cycles with each
cycle having a duration T,

(b) a patir of filters, each filter comprises clock means
for producing clock pulses with intervals therebe-
tween, five multipliers, two dividers, four delay
loops, eight adders and an analog reset integrator,

(¢) as to each of the filters:

(1) said integrator is connected to receive the re-
spective sensor signal and resets it with respect
to time and produces an increment pulse y; each
time the resulting signal reaches a predetermined
level and 1s reset to zero thereafter,

(2) a first of the adders is connected to receive said
increment pulses, said adder adding each incre-
ment pulse y; to the sum y; of the preceding in-
crement pulses, which sum has been delayed by
one clock interval through one of said delay
loops,

(3) a second of the adders i1s connected to receive
sald clock pulses, said second adder adding each
clock pulse to the sum 1—1 of the preceding
clock pulses, which sum i—1 has been delayed
by one clock interval through another of said
delay loops, to produce a sum signal n,

(4) a first of the multipliers is connected to the first
and second adders to multiply the sum y; of the
increment pulse numbers by the sum i of the
clock pulses to produce a pulse signal 1y;,

(5) a third of the adders is connected to said first
multiplier for adding each pulse signal iy; to the
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sum of the preceding signals iy;, which sum iy;
has been delayed by one clock interval through
another of the delay loops, to produce a pulse
signal 21y,

(6) a fourth of the adders is connected to the third
adder to add the pulse signal Ziy; by itself to
produce a pulse signal 221y;,

(7) a fifth of the adders is connected to receive the
sum y; of the increment pulses, said fifth adder
adding said sum y;to the sum y; of the preceding
v; signals which have been delayed through an-
other of the delay loops to produce a signal 2y,

(8) a sixth of the adders is connected to receive the
signal n representing the sum of the clock pulses
and to Increase it by one to produce a signal
(n+1),

(9) a second of the multipliers being connected to
receive and multiply the signals £y;and (n+ 1) to
produce a signal (n+1)2y;,

(10) a seventh of the adders being connected to
receive the signals 22y; and (n+4 1)2y; and to
subtract the latter from the former to produce a
signal 22v;—(n+ 1)2Zy;,

(11) a third of the multipliers being connected to
recelve the signal n representing the sum of the
clock pulses and to multiply that signal by itself
to produce a signal n2,

(12) an eighth of the adders being connected to
receive the signal n? and to reduce it by one to
produce a signal (n¢2—1),

(13) a fourth of the multipliers being connected to
recelve the signal n representing the sum of the
clock pulses and to multiply it by the duration T
of the cycle to produce a signal n'T,

(14) a fifth of the multipliers being connected to
receive the signals (n?—1) and nT and to multi-
ply those signals with each other, to produce a
signal nT(n2—1),

(15) a first of the dividers being connected to re-
ceive the signal nT(n¢—1) and to divide it by a
given number X to produce a signal n7T(n2—1)/x,

(16) a second of the dividers being connected to
receive the signals from the seventh adder and
the first divider and to divide the signal from the
former by the signal from the latter to produce a
quotient signal.

7. Navigation instrument as set forth in claim 6, char-
acterized in that each of the filters further comprises

(17) a fifth delay loop,

(18) a ninth adder connected to receive said quotient
signal of the second divider after a predetermined
number of clock pulses, said ninth adder adding the
quotient signal so received to the sum of the quo-
tient signals previously received, which sum has
been delayed by one clock interval by the fifth
delay loop, to produce a sum output signal,

(19) a third divider connected to receive said sum
output stgnal and to divide it by the total number of
quotient signals.

8. Heading-attitude reference unit for determining the
heading and the attitude of a vehicle, comprising: rotary
speed sensor means, which are arranged to respond to
the rotary speeds about three mutually perpendicular,
vehicle-fixed input axes, said means including at least
two rotary speed sensors producing sensor signals, two
accelerometers having vehicle-fixed, mutually perpen-
dicular input axes which respectively are parallel to the
input axes of the two rotary speed sensors, said acceler-
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ometers producing sensor signals, and computer means,
to which the signals from the rotary speed sensors and
from the accelerometers are supplied for providing
signals representing transformation parameters between
a vehicle-fixed coordinate system ard an’ earth fixed
coordinate system, as well as the heading angle in the
earth-fixed coordinate system, said computer means
comprising | |

(a) means for receiving said sensor 31gnals and provld-

ing signals

(4) é?:l:C}szF —-C330"

(5) C33=C33exF —C3100,F :

wherein

C31,C37,C33 are the elements Of the last llne Of the
directional cosine matrix,

C31,C:2 are the associated time derwatlves,

wxf is the rotary speed about an input axis xFin the
vehicle-fixed coordinate system,’

wyFis the rotary speed about the second lnput axis y&

in the vehicle-fixed coordinate system, and

. is the rotary speed about the third input axis zFin
the vehicle-fixed coordinate system, |

(b) means connected to receive the signals C31 and
C3y and integrate the received signals with respect
to time to provide signals Cs31 and C3j, respectively,

(c) means connected to receive the signals C3; and
C3y from the 1ntegratlon means and for producmg a
signal | | | »

C=V1- C31 — C3

(d) from the signal Csj and Cs3 thus obtained, means
connected to feed the signals C31,C32 and Cs3 back
to the computer for providing C31 and Cs; from the
rotary speed signals,

(e) means connected to receive the signals C31,Cs

and C33 and the rotary speed SIgnals w/ and eyt 40

and for producing a signal

[C33 wt -+ C3 WyF]

{1+,

therefrom, and _

(f) means connected to receive this signal Yy and
integrating it with respect to time to provide a
signal iy representing . the heading angle in the
earth-fixed coordinate system.

9. Heading-attitude reference unit as set forth i n clalm

8 further characterized by | -

(g) means connected to receive the 51gnals C32 and
C31 and to multiply each by the acceleration g due
to gravity to produce signals gCs; and gCaiy,

(h) means connected to recetve the signals gCji; and
gCs1 and the signals Af and A,f, respectively,
from the accelerometers and to superpose the for-
mer and the latter respectwely,

(1) means connected to receive the signals’ from the
accelerometers and for superposing addltlonal srg-
nals to each signal from an accelerometer,

(J) means connected to receive the signals from: the

last mentioned means and for integrating those

signals with respect to tlme to provide mertld]
speed signals, | . |

(k) at least one speed sensor, whlch provides-a speed
signal indicative of the component of the vehicle
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speed in the dlrectlon of the. 1Input axis of an accel-
erometer, - -

- (1) means connected to receive the 1nertlal Speed sig-
-nal with opposﬁe sign fo the Speed signal.from the
speed sensor and for superposmg the two to pro-

~_ vide a difference signal, L

(m) means connected to receive sald dlfference 51gnal |

and to- multiply it by a factor K,(t), which is a

function of time, to provide said additional signal
- superposed 1o ;the.,signal from the accelerometer,
.and.. o I
(n) means: conneeted to receive sald dlfference signal
.-and the C3; and C3;signals, multiplying the differ-
ence signal with a factor K (t), which is a function
of time, and superposing the resulting product to
-the C3p- and Csi-signals, respectively. -
10 Heading-attitude reference unit as set forth in
claim 8, and further characterized by
- (a) magnetic field responsive means for determining
the direction ¥sas of the magnetic field of the earth
in the earth fixed coordinate system and for provid-
- 1ng a signal representing this direction, and -
(b) means connected to receive the Y5 signal prior to
- the mtegration with respect to time and for super-
posing thereon a signal D, with opposite sign to
produce a signal D, iy, said signal D, representing
an estimated value of the heading drift derived by
means of the direction of the magnetic field of the
earth, the last mentioned integrating means then
integrating this D; Yi; signal.
11. Heading-attitude reference unit as set forth in
claim 10, and further characterized by

(a) means connected to receive signal Yas and the
signal x,b 7and producing a difference signal (1{1 ~Unm)

- therefrom, -

(b) means connected to receive the dlffereuee signal
 (Yr-Yiyr) and for superposing a first signal. Ay
with the same and a second signal Alpf with oppo-
site sign to this difference 31gnal

(c) means connected to receive the last mentioned
superposed signals and for multiplying them by a
factor Ky(t), which is a function of time, and for
integrating the product with respect to time to -
- provide said first signal Abewhlch is then supphed

~ to the last mentioned superposmg means,,

(d) means connected to receive the last mentioned
superposed signals and for multiplying them by a
second factor Kj(t), which is function of tlme, and
for integrating the product wrth respect. to time to
produce a signal representing signal estimated
value D, of the heading drift, and

(e) means connected to receive the last mentioned
superposed signals and the D, signal and for multi-
plying the said superposed signals with a third
factor, which is a function of time, for superposing
the product to said D, si ignal and for integrating the

latter. superposed signal with respect to time to

| 'Iprowde said second signal Ay which is then sup-
plied to said last mentioned superposing means.

12. Instrument for the automatic determination of the

north direction by means of a gyro affected by the rota-

tion of the earth, wherein .

the gyro is a two-axis gyro the spm axis of wluch 1S
- substantially vertical, *

the position of the gyro is picked off by posmon ple
offs and torquer is arranged to exert erecting
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torques on the gyro to keep the spin axis of the
gyro vertical,

a position pick-off and a torquer is provided on each
of two mutually perpendicular input axes of the
gyro, | |

the signal from each position pick-off associated with
one input axis is supplied crosswise to the torquer
on the respective input axis to restrain the spm axis
of the gyro to the vertical, and

the signal supplied to the two torquers are, at the
same time, applied to a north deviation computer,
which provides, from the ratio of the signals, a
signal representing the deviation of an instrument-
fixed reference direction from north,

characterized in that

(a) the north deviation computer comprises a mem-
ory for storing the two signals T}(!), T,(D supplied
to the torquers,

(b) the gyro is arranged to be rotated through 180°
about a horizontal axis by a servomotor, after the
signals have been stored,

(c) the signals Ty(4), T,{(2) then supplied to the torquers
are supphed to the north deviation computer,

(d) the north deviation computer comprises means for
providing signals

AT,=T,D—-T1,2) (8)

3Tx=TD4 1,2 )

wherein

[Q) (10)
(D = M;} ,

(2) (11)
T2 = M!; ,

(1) (12)
T (1) = .._ﬁ%-"___ _

(2 (13)
T.I(2) = A’::;' ’

M) and M(?) are the stored signals and the signals
applied after the 180°-rotation to that torquer,
which acts about one axis,

M, (1) and M;(?) are the stored signals and the signals
applied after the 180“--r0tat10n to the other torquer,
and

H 1s the rotary momentum of the gyro, and

(e) the north deviation computer comprises means for
providing a signal

2Ty

(14)

st = arc tan

as north deviation signal.
13. Instrument as set forth in claim 12, characterized

in that
(a) the housing of the gyro is mounted for rotation
and 1s rotatable through 90° about one of the input
axes of the gyro by means of a servomotor,
whereby the gyro can be used as heading reference
unit, and
(b) the same servomotor is arranged to optionally
rotate the housing through 180°,
14. Instrument for the automatic determination of the
north direction by means of a gyro affected by the rota-
tion of the earth, wherein
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40 .
the gyro is a two-axis gyro the spin axis of which is
substantially vertical,
“the position of the gyro 1s picked off by position pick-
offs and a torquer is arranged to exert erectmg
- torquers on the gyro ot keep the spin axis of the
gyro vertical,

a posttion pick-off and a torquer 1s provided on each
of two mutually perpendicular input axes of the
gyro,

the signal from each position pick-off associated with
one Input axis is supplied crosswise to the torquer
on the respective input axis to restrain the spin axis

- of the gyro to the vertical, and

the signals supplied to the two torquers are, at the
same time, applied to a north deviation computer,
which provides, from the ratio of the signals, a
signal representing the deviation of an instrument-

fixed reference direction from north,

characterized in that = .

(a) the north deviating computer comprises a mem-
ory for storing the two signals T,(1), T,(D) supplied
to the torquers,

(b) the gyro is arranged to be rotated by a servomotor
through 180° about a vertical axis coinciding with
the gyro spin axis, after these signals Tx(D), T,(1)
have been stored,

(c) the signals Tx(3), T,(3) then supplied to the torquers
are applied to the north deviataion computer,

(d) the north deviation computer comprises means for
providing signals

DTy=T(D) 1,03 (15)

DTy= T, — 7,1} (16)

wherein

(1) (17)

(3) (18)
7,3 = M}; ,

(1 (19)
7.1 = MI; _

(3 (20}
7,3 = M}y{ ,

Mx(1) and M,(3) are the stored signals and the signals
applied to one torquer, after the 180°-rotation,

M,(D and M,(?) are the stored signal and the signals
applled to the other torquer after the 180° rotation,
and

H is the rotary momentum of the gyro, and

(e) the north deviation computer comprlses means for
providing a signal |

DT, 21)

DT,

Y = arc tan

as north deviation signal. |
15. Instrument for the automatic determination of the
north direction by means of a gyro affected by the rota-
tion of the earth, wherein the gyro is a two-axis gyro the
spin axis of which is substantially vertical,
the position of the gyro is picked off by position pick-
offs and a torquer is arranged to exert erecting
torques on the gyro to keep the spin axis of the
gyro vertical,
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a position pick-off and a torquer is provided on each
of two mutually perpendicular input axes of the
gyro, the signal from each position pick-off associ-
ated with one input axis i1s supplied crosswise to the
torquer on the respective tnput axis to restrain the
spin axis of the gyro to the vertical, and

the signals supplied to the two torquers are, at the
same time, applied to a north deviation computer,
which provides, from the ratio of the signals, a
signal representing the deviation of an instrument-
fixed reference direction from north,

characterized in that |

(a) the north deviation computer comprises a mem-
ory for storing the two signals Ty(l) T,(D supplied
to the torquers,

(b) the gyro is arranged to be rotated by a first servo-
motor through 180° about a vertical axis coinciding
with the gyro spin axis, after these signals T,(1),
T,(1) have been stored

(c) the north deviation computer comprises a mem-
ory for storing the two signals T,(3), T,(3) then
supplied to the torquers,

(d) the first servomotor 1s controlled to rotate the
gyro housing through 180° back into the initial
position, after these latter signals have been stored,

(e) the gyro is arranged to be rotated by a second
servomotor through 180° about a horizontal mput
axis, after it has been rotated back by the first ser-
vomotor, |

(f) the signals T,(%), T){2) then supplied to the torquers
are applied to the north deviation computer,

(g) the north deviation computer comprises means for
providing signals

ETe=TxD— T, (22)

AT,=T,) -7, (23)
wherein |

Tx(2) is the signal which, after rotation of the gyro
about said one input axis y, is applied to that
torquer which acts on the other input axis,

Tx0) is the signal which, after rotation of the gyro
about the vertical axis, is supplied to that torquer
which acts on said other input axis,

T)(Dis the signal which, in the initial position prior to
the rotation about the vertical axis, is supplied to
that torquer which acts about said one input axis,

T,(2) is the signal which, after the rotation about the
horizontal axis, i1s supplied to that torquer which
acts on said one input axis, and

(h) the north deviation computer comprises means for
providing a signal

2 Txc
—ATy

(24)

] = arc tan

as north deviation signal.

16. Instrument as set forth in claim 15, characterized
in that the north deviation computer comprises means
for providing signals

STr=T(D+ 7.3 and (25)

§Ty=—Ty\D-T1,3, (26)

said signals representing the components of the gyro
drifts, wherein

S
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Tx(1is the signal which, in the initial position prior to
the rotation about the vertical axis, is supplied to
that torquer which acts on said other mput axis,
and S
T, is the signal which, after the rotation about the
vertical axis is supplled to that torquer which acts
on said one input axis.

17. Instrument as set forth in claim 15, charactenzed

in that | |

(a) the north dewatlon computer comprises an addi-
tional memory for for storing the two signals T,(2),
T2 supplied to the torquers, after the gyro has
been rotated back about the vertlcal axis into its
initial position,

(b) the north deviation computer comprises means for
providing the mean values

Tx(l)=%(Txl(l)+ sz(l)) and (27)

Ty 0= KT+ T3oM), (28)

wherein the index “1” indicates the signal prior to the
rotation about the vertical axis and the index “2” indi-
cates the signal after the rotation back into the lmtlal
position. | |

18. An instrument for the automatic determination of
the north direction by means of a gyroscope affected by
the rotation of the earth and having a spin axis, said
instrument having an instrument-fixed reference direc-
tion and being characterized by: gyroscope positioning
means secured to said gyroscope and mounting said
gyroscope for pivotal movement about two input axes
at right angles to each other, said positioning means
positioning said spin axis substantially vertical, said
positioning means including first and second torquers
associated with said input axes respectively for control-
Iing the angular position of the spin axis about the input
axes respectively, first and second pickups associated
with said input axes respectively for producing signals
indicative of the angular position of the spin axis about
the input axes respectively, and control means including
said pickups and said torquers for actuating the torquer
associated with one axis in response to the signal from
the pickup associated with the other axis and for actuat-
ing the torquer associated with said other axis in re-
sponse to the signal from the pickup associated with
sald one axis; and a north direction computer, con-
nected to said control means to receive said signals, for
producing from the ratio of the signals a north deviation
signal indicative of the deviation from north of the
instrument-fixed reference direction, said north devia-
tion computer providing a signal

Y] arc tan _KTy gﬁ
wherein

U, is the voltage which is supplled to the one torquer
acting about the one input axis of the gyroscope,

K 7x is the constant of said one torquer,

U, 1s the voltage which is supplied to the other
torquer acting about the other input axis of the
gyroscope, and -

K1y 1s the constant of said other torquer

sald north deviation computer comprising a quadrant
logic circuit for determining the quadrant of the north
deviation, said quadrant logic circuit being connected
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to recetve the two signals supplied to the torquers, and
a quadrant computer, to which the signal

K7y
Krx-

. U}'
/] arc tan A
1s applied together with an output signal from the quad-
rant logic circuit and which provides a north deviation
signal s taking the quadrant of the north deviation into
consideration.

19. An instrument as set forth in claim 18 character-
1zed 1n that the quadrant logic circuit comprises a com-
parator circuit, which specifies the quadrant of the
north deviation in accordance with the following crite-

ria:

U, > 0
0° <y < 90° {quadrant I)
U >0
Uy > 0
0° < ¥ < 180° (quadrant 1)
Uy <0
Uy <0
180° < & <« 270° (quadrant 11I)
U < 0
Uy <0
270° < ¥ < 360° (quadrant IV)
Uy > 0

and that the quadrant computer provides the north
deviation signal s, as a function of an output signal of
the quadrant logic circuit representing the quadrant of
the north deviation, 1n the following manner:

quadrant I : |

quadrant I : s | g |
s RN
Y RUNF

quadrant III :

1
0 +
quadrant IV : 360° —

u J “

20. An instrument as set forth in claim 19, character-
1zed in that the quadrant logic circuit comprises a null
detector circuit for detecting singular values of the
north deviation signal in accordance with the following
criteria:

Uy =10 Y =

Ue >0

Uy > 0 W = 90°

Uy = 0

Uy = 0 Y = 180°

Ue < O

Uy < 0 g = 270°
= (),

21. An instrument as set forth in any one of the claims
18 through 20, wherein said gyroscope is casing-fixed
and including:

accelerometer means operatively associated with the

gyroscope for providing a pair of error signals
indicative of the deviation of the gyroscope spin
axis from the vertical; an error signal computer
connected to receive the north deviation signal
from the north deviation computer as an estimated
value ¥ of the north deviation iy together with the
signals which are applied to the torquers and the
error signals from the accelerometer means, said
error signal computer computing error signals of
transformation parameters between said gyroscope

and an earth-fixed coordinate system on the basis of

estimated values of these transformation parame-
ters, said estimated values of the transformation
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parameters being, at first, determined by the output
signal of the north deviation computer;

a correction signal computer connected to receive
the error signals from the error signal computer for
computing correction signals to be applied to the
transformation parameters from the error signals
thus obtained and weighted, if appropriate;

a transformation parameter computer connected to
receive said correction signals and for supplying
corrected transformation parameters;

means connecting the transformation parameter com-
puter and the error signal computer to supply said
corrected transformation parameters to the error
signal computer for the computation of the error
signals by the error signal computer in a closed
loop as new estimated values of the transformation
parameters; and

a computer connected to receive the corrected trans-
formation parameters from the transformation pa-
rameter computer and producing a signal repre-
senting a corrected north deviation corresponding
to the corrected transformation parameters.

22. An instrument as set forth in claim 21, wherein the
accelerometer means comprises a pair of accelerome-
ters mounted in fixed attitude relation to the gyroscope,
said accelerometers having axes of sensitivity which are
perpendicular to each other and respectwely parallel to
the two input axes of the gyroscope.

23. An instrument for the automatic determination of
the north direction by means of a gyroscope affected by
the rotation of the earth and having a spin axis, said
istrument having an instrument-fixed reference direc-
tion and for use with a vehicle, said instrument being
characterized by:

gyroscope positioning means secured to said gyro-
scope and mounting said gyroscope for pivotal
movement about two input axes at right angles to
each other, said positioning means positioning said
spin axis substantially vertical, said positioning
means including first and second torquers associ-
ated with said input axes respectively for control-
ling the angular position of the spin axis about the
input axes respectively, first and second pickups
associated with said input axes respectively for
producing signals indicative of the angular position
of the spin axis about the input axes respectively,
and control means including said pickups and said
torquers for actuating the torquer associated with
one axis in response to the signal from the pickup
associated with the other axis and for actuating the
torquer associated with said other axis in response
to the signal from the pickup associated with said
Oone axis;

a north direction computer, connected to said control
means to receive said signals, for producing from
the ratio of the signals a north deviation signal
indicative of the deviation from north of the instru-
ment-fixed reference direction; accelerometer
means operatively associated with the gyroscope
for providing a patr of error signals indicative of
the deviation of the gyroscope spin axis from the
vertical, the accelerometer means comprising a
pair of accelerometers mounted in a fixed orienta-
tion with respect to the vehicle, said accelerome-
ters having axes of sensitivity which are perpendic-
ular to each other and respectively parallel to the
two 1nput axes of the gyroscope;
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the gyroscope being rotatable through 90" about one |

of the input axes of the gyroscope between the
position at which the spin axis 1s vertical and a
position at which the spin axis is-horizontal; and
including a computer for computing the true head-
ing of the vehicle from the information provided
by the accelerometers about the attitude of the
vehicle relative to a horizontal plane, and from the

angular speed about the vehicle-fixed input axes of

the gyroscope provided by the gyroscope.
24. Navigational instrument for-a land vehicle having
a fixed longltudlnal axis x, a fixed transverse axis y and
a fixed vertical axis z, said instrument comprising:

an inertial measuring unit producing inertial speed

signals and having rotation-responsive inertial sen-
sors, which respond to rotary movements about
said axes and have known drifts dy, dy, d; about
their longitudinal, transverse and vertical axes x, y
and z respectively, and accelerometers, which re-
spond to linear accelerations along vehicle-fixed

axes, the accelerometer sensitive in the direction of

the longitudinal axis x producmg a 31gnal AxF and
having a known deviation by,

a speed sensor having a ‘scale’ factor, which speed
sensor responds to the speed of' the vehicle with
respect to ground in the direction of the longitudi-
nal axis of the vehicle and produces a speed smgal
v 'in the direction of the vehicle longitudinal axis,

a transformation parameter computer connected to
receive the mgnals from the inertial measuring unit
and which comprises means for computing trans-

formation parameters for the ‘transformation of

vector components from a vehicle-fixed coordinate
system into an earth-fixed coordinate system,

corrective signal generators connected to receive the

accelerometer signals and the transformation pa-
rameters from the transformation parameter com-
puter and which provide signals representing the
components due to gravity of the accelerations
detected by the accelerometers, said gravity com-
ponent signals being superposed to the signals from
the accelerometers to provide translation accelera-
tion signals,

integrators connected to receive the translation accel-
eration signals to produce inertial speed signals
v and vpf, an optimal filter connected to receive
the inertial speed signals and the speed signals from
the speed sensor and which, on the basis of these
signals, produces estimated speed signals Avxf and

AvpF referenced to vehicle-fixed coordinates v

and vt
a coordinate transformation computer connected to

receive the estimated speed signals and the trans-

10 '..I L -
(c) a third summing polnt connected to recelve said

15

20

46
(a) a first summing pomt connected to receive the

estimated value AvZ of the error of the longitudi-
- nal component signal vy of the inertial speed and

-, .the estimated value AvxF of the error of the speed
. signal vxfand to produce a difference 51gnal there-
. from, . . .,

"f-(b) a second summmg pomt connected to recewe the

inertial speed signal vz and the speed sensor speed
~signal vy and to produce a dlfference signal
R, I,CF —vx!" therefrom.

two difference signals and to produce a thlrd dlffer- |
ence SIgnal Z] therefrom, IR
(d) a fourth summing point connected to receive the
inertial speed s1gnal v IyF and the estimated value
- AvyF of the error of the transverse component sig-

~ nal viFof the inertial speed and to prowde a fourth

* difference signal z; thérefrom, -
(e) a first'multiplier connectéd to receive the differ-
-ence signal zjand to multiply it by a gwen factor
- K11 to produce a signal Kjj'zy, L

| '(f) third means connected to receive si gnals dz, dy
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formation parameters from the transformation pa- 55

rameter computer and which comprises first means

for transforming these speed signals into trans-
formed speed signals, which are referenced to an
earth-fixed coordinate system, said computer pro-
ducing signals Cs1, C32, C33 from the last line of a
directional cosine matrix for the transformation
from a vehicle-fixed coordinate system into an
earth-fixed coordinate system, and

a position computer connected to receive the trans-
formed speed signals and which comprises second
means for providing position signals representing
the position of the vehicle,

said optimal filter comprising:

60

65

from the inertial measuring  unit and signals Csa,
Ci3 from the coordinate transformation computer
~and to produce a signal C3z d~C33 dy therefrom, -

(g) a fifth summing point connected to said ' third
- means and said first multiplier to produce a signal
- representing the sum of the signals from said third

means and the first multiplier,

. (h) a first integrator connected to said ﬁfth summlng
- .pomt to integrate said sum of said signals and

- thereby produce a signal AC3; which represents an
“estimated value of the error of the srgnal Cig of the
directional cosine matrix, g |

(1) a second multiplier connected to receive the differ-
ence signal z; and to multiply it by a given factor
K7 to produce a signal Ky 73, -

(j) fourth means connected to receive signals dy, dj
from the inertial measuring unit and signals Cjy,
C33 from the coordinate transformation computer
and to produce a signal C33 dx~Cs1 dy therefrom,

(k) a sixth summing point connected to said fourth
means and said second multiplier to produce a
signal representing the sum of the signals from the
fourth means and the second multiplier,

(1) a second integrator connected to said sixth sum-
ming pomt to integrate the sum signal of the sixth
summing point and thereby produce a signal AC32‘
which represents an estimated value of the error of
the signal Ca; of the directional cosine matrix,

(m) multiplying means connected to receive signals
Cs1 and z; and to multiply the signal C3; by the
accelerating due to gravity and to multiply the
signal z1 by a given factor K31 and. by the known
accelerator deviation by to produce output signals
gCs31 and K31z1by,

(n) a seventh summing point connected to said multi-
plying means to receive the output signals there-
from and to add those signals together to produce
a sum signal, -

(0) a third 1ntegretor connected to said seventh sum-
ming point to receive the sum signal therefrom and
to integrate it to produce a signal Av ! represent--
ing the estimated value of the error of the longitu-

‘dinal component signal v f of the inertial speed,

(p) an eighth summing point connected to receive the
signals A,f and gCs3; and add them to produce a
signal v, representing the translatory acceleration
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in the direction of the longitudinal axis of the vehi-
cle,

(q) multiplying means and a fourth integrator con-
nected to receive the difference signal z; multiply it
by a given factor K¢ and integrate the product 3
K121 thereof to produce a signal Ak, representing
the estimated value of the error of the scale factor
of the speed sensor,

(r) multiplying means and a ninth summing point
connected to receive the difference signal z1 and
the translatory acceleration 31gnal v, L, to multiply
the difference signal z; with a given factor Ksi and
to add the product Ks)z; thereof with the signal
vx!' to produce an output signal,

(s) a sixth integrator connected to receive and inte-
grate the last mentioned output signal to produce a
signal Av,* which represents the estimated value of
the error of the speed signal from the speed sensor,

(t) multiplying means connected to receive the signals 20
C32 and zp, to multiply the signal C3; by the accel-
eration g due to gravity and to multiply the signal
zy by a given factor K42 and by the known zero
deviation by to produce output signals gCi; and
K4221by, 5

(u) a tenth summing point connected to receive the
output signals of the last mentioned multiplying
means and to add those signals together to produce
a sum signal, |

(v) a seventh integrator connected to receive the sum 30
signal from the tenth summing point and to inte-
grate that signal to produce a signal Avyf which
represents the estimated value of the error of the
transverse component signal vz, f, and
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(w) means connected to receive the speed signal v,
and the estimated speed error signal Av,F and to

- subtract the latter from the former to produce a
corrected speed signal.

25. Navigational instrument as set forth in claim 24,

and wherein the vehicle has a significant rotary speed
w4 about its vertical axis z, said mstrument further

comprising

(a) multiplying means connected to receive the differ-
ence signals z) and z; and to multiply the z; signal
by a given factor K2 to produce a product signal

- K31 z; and to multiply the z; signal by given factors
K12, K32and Ks; to produce product signals K 3 23,

K32 z3 and Ks3 z3 respectively,

(b) multiplying means connected to receive the AC3»
signal and to multiply it by the rotary speed w2f'to
produce a signal wF AC3a,

(c) said fifth summing point being connected to re-

cetve and additionally add said product signal K2
z3 and said o ACj3; signal in the production of the
signal by the fifth summing point,

(d) said sixth summing point being connected to re-
celve and addltlonally add said product signal K3
z1 and said o/ AC3» 51gnal in the production of the
signal by the sixth summing point,

(e) said seventh summing point being connected to
receive and additionally add said product signal
K32 z2 in the production of the signal by the seventh
summing point, and

(f) said ninth summing point being connected to re-
cetve and additionally add said product signal Ks»
z3 1n the production of the signal by the ninth sum-

ming point.
* * x xR
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